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Abstract 
Separation of organic and biomolecules by nano-sized magnetic particles was studied. 
Nano-sized magnetic particles were prepared using Fe2+, Fe3+ salts and ammonium 
hydroxide by chemical precipitation method in nitrogen atmosphere. Extraction of 
bovine serum albumin (BSA) and lysozyme (LSZ) were carried out either in single 
component or in binary mixture. Surface modifications of magnetic particles by 
coating double layer surfactants were carried out for the separation of 2-hydroxyphenol 
(2-HP) and 2-nitrophenol (2-NP). Characterizations of adsorption process were carried 
out using different methods. Effect of pH and salt concentration on adsorption were 
studied. Adsorption equilibrium was fitted with Langmuir model. Adsorption kinetics 
was fitted with linear driving force model. Desorption of target molecules from 
magnetic particles were carried out using different desorption agents. Conformational 
change of desorbed proteins and enzymatic activity were measured. Experimental 
results show nano-sized magnetic particles are effective tools for the separation of 
organic and biomolecules. 
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The magnetic separation method utilizes magnetic particles to bind the target 
molecules via intermediates (such as surfactant, ligand, and so on) and thereafter form 
a complex, which can be separated from the bulk solution by a magnetic field. The 
interacting mechanisms between magnetic particles and target could be hydrophobic 
interactions, electrostatic interactions and ligand bonding interactions. Due to its 
simplicity and effectiveness, magnetic separation is drawing more and more attention, 
and has been used in a wide range of applications such as removal of metal ions from 
waste water, isolation of proteins from cell lysate, and extraction of nucleic acids.  
 
Many published work focused on the synthesis of micro-sized polymer matrixes 
containing magnetic particles and its application in the separation of protein with the 
aid of specific ligand coated particles. Only limited work has been published on the 
application of nano-sized magnetic particles in the separation of proteins. Nano-sized 
magnetic particles produce a larger specific surface area and therefore, may result in 
high adsorption capacity. Therefore, there is a need to synthesize nano-sized magnetic 
particles with large surface area and to develop a suitable adsorption/desorption 
process for the separation of protein. Some previous works have been done to extract 
metal ions using magnetic separation method. But there is still a need to utilize 
magnetic particles for the extraction of other chemicals such as organics.  
 
In the present study, nano-sized magnetic particles (Fe3O4), either naked or coated with 
a double layer of surfactants, are used to extract organics (2-hydroxyphenol and 2-
nitrophenol) and biochemicals (bovine serum albumin and lysozyme). Firstly, nano-
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sized magnetic particles are synthesized by a chemical precipitation method in an inert 
atmosphere. Secondly, surface modifications of magnetic particles with surfactants are 
also carried out. Various parameters (such as pH, salt concentration and temperature) 
affecting the adsorption processes of proteins or organics on nano-sized magnetic 
particles are studied in detail. Characterization of the adsorption process, adsorption 
equilibrium, and adsorption kinetics are also studied. Desorptions of proteins and 
organics from the surface of magnetic particles are also carried out. Finally, 
evaluations of the desorbed proteins are studied. Experimental results show that nano-
sized magnetic particles could adsorb higher amount of protein near the isoelectric 
point of protein. Electrostatic interaction and structural rearrangement contribute to the 
adsorption of proteins on magnetic particles. Desorptions of BSA or lysozyme from 
magnetic particles are achieved either by Na2HPO4 or NaH2PO4, respectively, which, 
as compared to the initial proteins, could preserve most of conformational structure 
and in the case of lysozyme, enzymatic activity. Results show that the magnetic fluid 
can selectively adsorb 2-hydroxyphenol from the mixture, whereas the adsorption of 2-
nitrophenol is insignificant. The adsorption equilibrium of proteins and organics on 
magnetic particles could be fitted by Langmuir model. The adsorption kinetics could 
be fitted into linear driving force mass transfer model.  
 
In general, nano-sized magnetic particles are synthesized and utilized for the extraction 
of proteins and organics. Our study shows that magnetic particles are effective tools 






a Power number, (dimensionless) 
B Magnetic flux density, (T) 
C Concentration of target, (mM) 
C0 Initial concentration, (mM) 
Ce Equilibrium concentration, (mM) 
C* Equilibrium concentration, (mM) 
D Diameter of magnetic particles, (nm) 
D'  Diffusion constant, (cm2 s-1) 
D0 Mean diameter of magnetic particles, (nm) 
Dhkl Mean diameter of magnetic particles by XRD, (nm) 
E1,  UV absorbance at time scale of 0 min 
E2 UV absorbance at time scale of 2 min 
Ew Weight of enzyme, (mg) 
F Magnetic force, (N) 
H Magnetic field strength, (A/m) 
Ka Equilibrium coefficient, (mM-1) 
KLa Overall mass transfer coefficient, (min-1) 
M Induced magnetization of the magnetic particle, (A/m) 
m Mass of magnetic particles, (kg) 
p(D) Probability frequency, (dimensionless) 
Q Adsorbed quantity, (mg/g solid) 
Qeq Adsorbed quantity at equilibrium, (mg/g solid) 
 x
Qm Maximum adsorbed quantity, (mg/g solid) 
S Weight of magnetic particles, (g) 
1/T Penetration rate constant, (mg g-1 s-1) 
t Time, (s, min, h) 
V Volume of the feed mixture, (ml) 
Vp Volume of the magnetic particle, (m3) 
  
Greek Letters  
Γ Adsorbed quantity, (mg/g solid) 
α Adsorption ratio, (dimensionless) 
β Half width of XRD diffraction lines, (rad) 
β Sequential desorption ratio, (dimensionless) 
θ Half diffraction angle, (deg) 
λ Wavelength of X-ray, (nm) 
µ0 Permeability of free space, (H/m) 
π Pie  
σ Standard deviation of log-normal distribution, (dimensionless) 




BET Brunauer-Emmett-Teller method 
BSA Bovine serum albumin 
CD Circular dichroism 
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DSC Differential scanning calorimetry 
HPLC High performance liquid chromatography 
LSZ Lysozyme 
SDS-PAGE Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis 
TEM Transmission electron microscopy 
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XRD X-ray diffraction 
VSM Vibrating sample magnetometer 
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Chapter 1 Introduction 
1.1 Research Background 
Separation is a critical element in chemistry and biochemistry to develop suitable and 
effective separation methods for the isolation and purification of the target molecules 
from feed solutions. Many novel separation methods with capability of dealing with 
diverse target systems and facilitating specific target molecules have been developed in 
the past decades, among which magnetic separation method is receiving more and 
more attention due to its simplicity and effectiveness (Hirschbein et al., 1982; 
Whitesides et al., 1983; Dunlop et al., 1984; Setchell, 1985; Roath, 1993; Bergemann 
et al., 1999; Roger et al., 1999; Safarik and Safarikova, 2002; Shinkai, 2002).  
 
Magnetic separation method, employing diverse magnetic particles, carriers and 
complexes, can be used for the isolation and purification of various chemicals (such as 
metal ions and organics) and biologically active compounds (such as protein, nucleic 
acid and cells), both on a laboratory and industrial scale (Safarik and Safarikova, 2002). 
In these chemical and biochemical separation processes, firstly, magnetic particles 
(either nano-sized or micro-sized, with or without surface modification), interact with 
the target molecules (ions, organics, proteins, or cells) via electrostatic effects, 
hydrophobic effects, and specific ligand interactions to form complexes with magnetic 
properties. Then the magnetic complexes could be separated from the bulk solution by 
responding to a high gradient magnetic field. Finally release of the adsorbed target 




1.2 Research Objectives 
Although the magnetic separations are increasingly appealing due to their simplicity, 
efficiency and versatility, there is still a need to study these processes in a systemically 
and detailed way. Firstly, previous published work focused on the application of large 
colloids i.e. micro-sized magnetic particles in the separation of organics and 
biochemical targets. Secondly, for the batch adsorption mode, adsorption equilibrium, 
adsorption kinetics and effects of various parameters (such as pH, salt concentrations, 
etc.) on adsorption still need to be studied in details. Thirdly, most of the previous 
work focused more on adsorption than desorption. However, desorption of the 
adsorbed targets is of the same importance as the adsorption. Lastly, for a whole 
separation process, especially for the separation of biochemical targets with biological 
activity, evaluation of the obtained products is also very important.   
 
The overall objectives of this research program are to study the application of nano-
sized magnetic particles in the separation of organics and biochemical molecules, and 
the evaluation of the effectiveness of the separation method. The desired goals of 
different procedures could be divided into the following: 
 
1) Preparation of nano-sized magnetic particles, either with or without coating with 
surfactants 
 2) Study on the adsorption equilibrium, adsorption kinetics and effects of various 
parameters on adsorption of a single component, present in solution  
3) Study on the selective and sequential adsorption of the components of binary 
mixture on magnetic particles 
4) Study on the desorption of adsorbed targets using different agents 
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5) Evaluation of the biologically activities of biochemical targets 
 
1.3 Organizations of Thesis 
The present thesis is organized into eight chapters. Chapter 1 gives an introduction to 
the magnetic separation method. The objectives of the thesis are presented and the 
structural organization of the whole thesis is also described in this chapter. Chapter 2 
describes the background of magnetic separation, reviews previous work on magnetic 
separation and introduces the recent progress in the fractionation technique. Based on 
the detailed review on past work, the scope of this thesis is presented. In Chapter 3, 
description on experimental materials and methods is presented. Chapter 4 studies the 
adsorption/desorption and conformational change of a large protein namely- bovine 
serum albumin (BSA), which is considered as a ‘soft’ protein easily undergoing 
structural changes. In Chapter 5, the magnetic separation methods are extended and 
applied to a small protein namely –lysozyme (LSZ), which is classified as a ‘hard’ 
protein compared to BSA. In Chapter 6, the selective and sequential adsorptions of 
BSA and LSZ from binary mixture are investigated. Chapter 7 covers the adsorption of 
organics, 2-hydroxyphenol (2-HP) and 2-nitrophenol (2-NP), either in single or binary 
systems. Finally, Chapter 8 summarizes the conclusions obtained from the research 




Chapter 2 Literature Review 
A literature review on magnetic separation for organic and biomolecules is presented 
in this chapter.  It comprises topics such as background of magnetic separation, types 
of magnetic particles and separating target. 
 
2.1 Magnetic Separation 
2.1.1 Principle of Magnetic Separation 
Magnetic separation is a recent developing technology and applied in the various fields 
of chemical and biochemical interest. Generally, magnetic separation could be divided 
into two types, i.e. 1) the separation of intrinsically magnetic materials and 2) the 
separation of non-magnetic target by forming a complex with magnetic particles, 
which can interact with and therefore be separated by the external magnetic field. In 
the first type, magnetic separation of targets could be achieved without any 
modification of magnetic materials. But there are only a few examples of such 
materials (such as magnetic materials in mineral beneficiation, red blood cells 
containing paramagnetic hemoglobin, magnetic particles in wastewater treatment, and 
magnetotactic bacteria containing magnetic particles inside their cells) in chemical or 
biochemical processes. For example, wastewater treatment using magnetic 
microorganisms (Bahaj et al., 1998b) and metal recovery (Watson and Ellwood, 1994) 
can be classified in the first category. The second type mainly deals with: enzyme 
immobilization (Dekker, 1989; Kondo and Fukuda, 1997), cell sorting (Molday and 
Molday, 1984; Hancock and Kemshead, 1993; Haik et al., 1999; Honda et al., 1999), 
protein adsorption and purification (O'Brien et al., 1997; Diettrich et al., 1998), nucleic 
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acid detachment (Uhlen, 1989; Levison et al., 1998) and drug delivery (Rusetski and 
Ruuge, 1990). Most of the application of magnetic fractionation can be classified into 
the second type. The principle of this method is to utilize magnetic particles, which 
bind the target molecules via intermediates to form a complex that subsequently can be 
separated from the bulk solution in a gradient magnetic field. Thus, the non-magnetic 
targets firstly interact with the surfactants, polymer or ligand coated on magnetic 
particles, and then form a magnetic complex, which could magnetically respond to an 











Figure  2-1 Scheme of the magnetic separation process 
 
The interaction mechanisms between the non-magnetic targets and the intermediates, 
coated in advance on magnetic particles, could be either electrostatic interaction, 
hydrophobic interaction, and/or ligand-specific interaction as shown in Figure 2-2. 
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Other driving forces such as hydrogen bond, van der Waals forces may also contribute 










Ligand   interaction
Hydrophobic   interaction
Electrostatic   interaction
Magnetic particle Target
 
Figure  2-2 Scheme of target interaction mechanisms with magnetic particles 
   
Since the overall charge of a protein is either positive or negative, electrostatic 
interactions may guide the protein in a unique orientation to approach an oppositely 
charged surface of magnetic particles. Even at the isoelectric point of a protein, 
electrostatic interactions between proteins and magnetic particles still exist, due to the 
fact that the distribution of charges on the proteins is not uniform. Some work 
mentioned that the electrostatic interaction was one of the dominant factors affecting 
the human serum albuman (HSA) adsorption on magnetic particles (Ding et al., 2000b). 
Other work also pointed out that the adsorption of lysozyme on magnetic particles was 




Hydrophobic interactions between proteins and magnetic particles also contribute to 
the adsorption of protein. Proteins are linear chains of amino acids linked by peptide 
bonds between the carboxyl group of one amino acid and the amino group of another. 
Generally, hydrophobic amino acid residues are located in the interior of the protein 
with hydrophilic charged group present at the outside. Both the polar and nonpolar 
parts of protein may interact with the surface of magnetic particles (Tong and Sun, 
2001; Tong et al., 2001). 
 
Specific affinity ligand too, can promote the adsorption of the desired proteins on 
magnetic particles. For example, soya bean trypsin inhibitor was coated on sub-micron 
magnetic particles to extract trypsin (Khng et al., 1998), and human IgG was 
immobilized to polymer-coated magnetic particles (Eudragit-Mag) for the separation 
of staphylococcal protein A (Suzuki et al., 1995a).  
 
Overall, adsorptions of target molecules on magnetic particles are complex processes. 
It is believed that these interaction mechanisms can contribute to the adsorption of 
target molecules on magnetic particle either individually or synergically. Therefore, it 
is necessary to identify the crucial steps in the adsorption, and thereafter to utilize a 
suitable interaction mechanism for the separation of desired products. 
 
2.1.2 Advantages and Disadvantages of Magnetic Separation 
Compared to the conventional separation methods, such as centrifugation, filtration, 




1) Simplicity: Preparation and surface modification of magnetic particles are not so 
complicated as compared to other methods.  It is simple and relatively easy to carry 
out in batch adsorption on magnetic particles. Separation of solid and liquid phase 
is also easily achieved only by manipulating an external magnetic field, generated 
either by a permanent magnet and/or electric magnet. 
2) Speed: Since nano-sized magnetic particles have a larger specific surface, 
adsorption of the target molecules at the surface of magnetic particles occurs at 
high rate. Meanwhile, the transfer of magnetic particles in magnetic field is also 
fast by applying strong magnetic field. 
3) Efficiency: Magnetic separation could be carried out either in batch setup or in 
continuous separation mode. A high gradient magnetic separator (HGMS) has been 
proven to be effective equipment in the separation of various targets. The number 
of particles can easily be scaled to match the purpose and quantity of sample 
material. Automation of routine purification procedures and the processing of large 
quantities are possible without any need for laborious protocols. 
4) Application: A wide range of applications using magnetic separation have been 
studied and exploited.  For example, magnetic particles are highly suited for 
separating biomolecules and cells from a wide range of sample materials, e.g. 
tissue, blood, foodstuffs, water or soils.  
5) Specificity: Some specific targets, which are not easily separated by conventional 
methods, can be adsorbed on magnetic particles coated with desired intermediates. 
With this specific ligand, the adsorption of target can occur on specific spots on the 
magnetic particles. Selectivity for specific targets can be achieved. 
6) Economics: As compared to other separation methods, which, for instance, make 
use of expensive centrifuges or vacuum equipment, there is no such need for the 
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magnetic separation methods. Regeneration of magnetic particles can be easily 
achieved for the recycling use.  
 
While now, disadvantages of magnetic separation methods we can envisage are: 
1) Most of the present magnetic separation processes, especially in biotechnology, are 
only studied on lab-scale.  
2) Although magnetic separations have a wide range of applications, they are case by 
case treated. More standard procedures should be recognized and set up.  
 
2.1.3. Types of Magnetic Separation 
Magnetic separation processes could be divided into several types according to the 
characteristics of the processes (Moffat et al., 1994). According to the operation mode, 
magnetic separation could be divided into batch separation and continuous separation. 
According to the characteristics of the targets, magnetic separations can be classified 
as the separation of magnetic targets and the separation of non-magnetic targets. 
According to the interactions between magnetic particles and magnetic field, the 
magnetic separations could be divided into the following types:  
 
1) Magnetic sedimentation: Magnets are placed at the bottom of beaker to accelerate 
the precipitation of the magnetic particles from the bulk solution. 
2) Magnetic transportation: An external magnetic field is exerted to transport magnetic 
particles from one place to another. 
3) Magnetic collection: Accumulation of magnetic particles on a specific spot is 
achieved by using a permanent magnet. 
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4) Magnetic filtration: The magnetic particles are accumulated in the filter by the force 
of a magnetic field. In this way, non-magnetic particles could be separated from 
magnetic ones. 
5) Magnetic flotation: Different density of magnetic particles could be separated by 
magnetic flotation. 
 
According to the interaction mechanisms between chemical targets and magnetic 
particles, the separation cases can be classified as the following several types: 
 
1) Magnetic carrier: Different intermediates (such as surfactant, polymer, and ligand) 
are coated on magnetic particles to form magnetic complexes with functional 
groups, which can interact with target molecules.  
2) Magnetic coagulation: Ferric ion agents are added into the samples to form 
magnetic coagulation complex with the target, which could be separated by a 
magnetic field.  
3) Magnetic microorganisms: Some special microorganisms can collect the material on 
their cell walls in the form of metal phosphates (aerobic process) or metal 
sulphides (anaerobic process) using iron sulphide produced by itself, which is an 
excellent absorbent for many heavy metallic elements. 
 
2.1.4 Applications of Magnetic Separation 
In the past decades, magnetic separation has shown to be useful in many promising 
applications in various areas of chemical and biochemical processes. Table 2-1 




The detailed examples of magnetic separation in chemical and biochemical process are 
summarized in the following tables. Table 2-2 lists the immobilization of enzymes on 
magnetic particles. Table 2-3 lists the isolation and purification of proteins by 
magnetic separation method. Table 2-4 lists the extraction of chemicals by magnetic 
particles. 
 
Table  2-1 List of magnetic separation applications 


























Separation of proteins 
Immobilization of enzymes 
Nucleic acid extraction 
Cell sorting 
Drug delivery 
Magnetic detection in immunoassays 
 
 
Table  2-2 Immobilization of enzymes on magnetic carriers 
Target Magnetic carrier Reference 
Amylases Magnetic calcium alginate (Burns and Graves, 1985) 
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α-Amylases Paramagnetic non-porous 
polyacrolein beads 
(Varlan et al., 1996) 
Cellulase Silanized magnetite (Garcia et al., 1989) 
α-Chymotrypsin Nickel-nickel oxide-bovine serum 
albumin 
(Munro et al., 1981) 
Dispase Magnetic particles (Koneracka et al., 2002) 
Fusion enzyme Magnetic microspheres coated with 
thermosensitive polymer 




Glucoamylase Ferromagnetic Dacron 
(polyethyleneterephtalate) 
(Leao et al., 1991) 
Glucoamylase Polyethyleneimine-coated 
magnetite 
(Pieters and Bardeletti, 
1992) 
Glucose oxidase Paramagnetic non-porous 
polyacrolein beads 
(Varlan et al., 1996) 
Glucose oxidase Fe3O4/polyacrylamide particles (Dasilva et al., 1991) 
Glucose oxidase Polyethyleneimine-coated 
magnetite 
(Pieters and Bardeletti, 
1992) 
Glucose oxidase Magnetic particles from 
magnetotactic bacteria 
(Matsunaga and Kamiya, 
1987) 
Glucose oxidase Magnetic hen egg white beads (Kubal et al., 1989) 






Glutaminase Magnetic partially deacetylated 
chitin 
(Koseko et al., 1994) 
Invertase Magnetite (Kubal et al., 1989) 
Neutral protease Magnetic particles (Koneracka et al., 1997) 
Papain Cocross-linking of papain, albumin 
and iron oxide 
(Gellf and Boudrant, 1974) 
Pectinase Magnetic latex beads (Tyagi and Gupta, 1995) 
Plasmin Magnetic starch microspheres (Mosbach and Schroder, 
1979) 
Proteases Magnetic calcium alginate (Burns and Graves, 1985) 
Pulluanase Magnetic partially deacetylated 
chitin 
(Hisamatsu et al., 1993) 
Thermolysin Magnetite particles (Kobayashi and 
Matsunaga, 1991) 
Trypsin Magnetic chitin (Bendikene et al., 1995) 
Trypsin Silanized magnetite, magnetite (van Leemputten and 
Horisberger, 1974) 
Urease Paramagnetic non-porous 
polyacrolein beads 
(Varlan et al., 1996) 
Urease Magnetic polystyrene beads (Iman et al., 1992) 
Urease Magnetic particles from 
magnetotactic bacteria 




Magnetic nanoparticles via 
carbodiimide 





Table  2-3 Isolation and separation of proteins with magnetic systems 









Magnetic aqueous two-phase 
system 
(Flygare et al., 1990) 
AngioI-TEM-β-
lactamase 
IDA- Zn2+ chelating group on 
magnetic agarose 
(Abudiab and Beitle, 
1998) 
Asparaginase Magnetic polyacrylamide gel with 
immobilized D-asparagine 
(Dunnill and Lilly, 1974) 
Bovine serum 
albumin 









Agar-based magnetic affinity 
support 
(Tong and Sun, 2001) 
Bovine serum 
albumin 
PVA-based magnetic affinity 
support 
(Xue and Sun, 2001) 
Chymotrypsin Chitosan-magnetite beads (Ghosh et al., 1995) 
Cytochrome c Phospholipid-coated magnetic 
nanoparticles 
(Bucak et al., 2003) 
Cytochrome c IDA-Cu2+ chelating group on 
magnetic agarose 




Fetal bovine serum Superparamagnetic beads (Ji et al., 1996) 
β-Galactosidase Silanized magnetite  (Dunnill and Lilly, 1974) 
Haemoglobin Micron-sized non-porous 
magnetic adsorbents  
(O'Brien et al., 1996) 
Hexokinase Magnetic aqueous two-phase 
system 
(Flygare et al., 1990) 
Human IgG Polymer-coated magnetic particles (Suzuki et al., 1995a) 
Human serum 
albumin 
Magnetic polymer particles coated 
with thermosensitive polymers 
(Ding et al., 2000b) 
Human serum 
albumin 
Magnetic polymer particles coated 
with thermosensitive polymers 








Magnetic aqueous two-phase 
system 
















Magnetic agarose with 
immobilized triazine dye 
(Ennis and Wisdom, 1991)
Lysozyme Superparamagnetic colloidal iron 
dextran particles 
(Diettrich et al., 1998) 
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Lysozyme Magnetic chitin (Safarik and Safarikova, 
1993) 
Lysozyme Magnetic particles coated with 
polyacrylic acid 
(Liao and Chen, 2002a) 
Lysozyme Magnetic affinity support (Tong et al., 2001) 
Pectinase Alginate-magnetite beads (Tyagi and Gupta, 1995) 
Phosphotructokinase Magnetic aqueous two-phase 
system 





(Mosbach and Andersson, 
1977) 
Proteolytic enzymes Magnetic cross-linked 
erythrocytes 




Magnetic chitosan particles (Safarikova and Safarik, 
2000) 
T-4 lysozyme Micron-sized non-porous 
magnetic adsorbents 
(O'Brien et al., 1997) 
Trypsin Tailor-made magnetic adsorbents (Hubbuch and Thomas, 
2002) 
Trypsin Sub-micron magnetic particles (Khng et al., 1998) 
 
Table  2-4 Extraction of xenobiotics and cells using magnetic systems 
Target Magnetic system Reference 
Americium ferromagnetic-charcoal-polymer 
microparticles  
(Buchholz et al., 1997) 
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Aromatic amines Tyrosinase immobilized on 
magnetite 
(Wada et al., 1995) 
Cadmium ions Polymer-coated magnetic particles (Ghebremeskel and Bose, 
2002) 
Chlorophenols Horseradish peroxidase 
immobilized on magnetite 
(Tatsumi et al., 1996) 
Copper ions Functionalized mesostructured 
silica containing magnetite 
(Kim et al., 2003) 
Ground water Magnetite (Cotten et al., 2003) 
Hazardous metals Magnetic microparticles (Kaminski et al., 1999) 
Heavy metals Magnetic cross-linked chitosan 
beads 
(Rorrer et al., 1993) 
Heavy metals Ferrihydrite precipitated onto 
magnetite 
(Chen et al., 1991) 
Heavy metals Incorporation into chemically 
precipitated ferrites 
(Tamaura et al., 1991) 
Heavy metals Magnetic microrganisms (Watson and Ellwood, 
1994) 
Heavy metals Synthetic magnetite (White and Athanasiou, 
2000) 
Heavy metals ions Supported magnetite (Navratil and Tsair, 2003) 
Metal ions Magnetite-silica composite (Ebner et al., 2001) 
Metal ions Micrometer-sized magnetic 
composite materials 
(Kaminski and Nunez, 
1999) 
Oil Ferrofluids (Buske, 1994) 
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Organic compounds Water-based magnetic fluids (Moeser et al., 2002) 
Pesticides Microbial cells immobilized on 
magnetite 
(MacRae, 1985) 
Phenanthrene Anionic surfactant-coated 
magnetic particles 
(Park and Jaffe, 1995) 
Phenol Microorganism immobilized with 
magnetic particles 
(Ozaki et al., 1991) 
Phenols Tyrosinase immobilized on 
magnetite 
(Wada et al., 1992) 
Phosphate Carousel magnetic filter (Franzreb and Holl, 2000) 
Phosphate ion Ferrimagnetic fine particles (Gokon et al., 2002) 
Phthalocyanine dyes Silanized magnetite (Safarikova and Safarik, 
1999) 
Polyaromatic dyes Phthalocyanine dye immobilized 
on magnetic chitin 
(Safarik, 1995) 
Polyaromatic dyes Phthalocyanine dye immobilized 
on magnetite 




Microbial cells immobilized on 
magnetite 
(MacRae, 1986) 
Pullutant Magnetic coagulant (de Latour and Kolm, 
1975) 
Radionuclide Magnetotactic bacteria (Bahaj et al., 1998a) 
Radionuclides Solvent extractants on magnetic 
microparticles 
(Nunez et al., 1996) 
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Toxic compound Magnetically active polymeric 
particles 
(Leun and Sengupta, 
2000) 
Viruses Magnetite (Atherton and Bell, 1983) 
Wastewater Magnetic microorganism (Bahaj et al., 1998b) 
Water impurities Magnetite (Bolto and Spurling, 1991)
Water impurities Chemically precipitated ferrites (Hencl et al., 1995) 
Water soluble dyes Magnetic charcoal (Safarik et al., 1997) 
 
2.2 Magnetic Particles 
Solid-liquid phase separation method has been studied for a long time for the isolation 
and purification of chemical or biochemical targets. In these processes, solid phase 
such as silica, glass or polystyrene beads are used for the adsorption of target 
molecules, and then are separated from the supernatant by centrifuge. A new type of 
solid phase, namely magnetic particles, is also commonly used in solid-liquid phase 
separation processes. Unlike other solids, it has some special characteristics such as 
magnetic properties, wide range size distribution, and diverse surface modification, 
which makes prospective applications in separation unit. Since magnetic particles 
sensitively respond to a magnetic field, it makes solid-liquid phase fractionation much 
easier, by the use of magnetic field generated either by a strong permanent magnet or 




2.2.1 Type of Magnetic Particles 
The most commonly used magnetic particles are magnetite (Fe3O4) and maghemite (γ-
Fe2O3). Other types of magnetic particles are MeO•Fe2O3, where Me=Ni, Co, Mg, Zn, 
Mn, iron, or nickel. Properties of magnetic materials are summarized in Table 2-5. 
 
Magnetic particles in suspensions can be divided into three groups according to their 
sizes: magnetic fluids (0.01-0.1 µm), unstable suspensions of larger ferroparticles (1-
10 µm), and magnetic microspheres (complex construction of 0.1-10 µm particles) 
(Rusetski and Ruuge, 1990). There are also some commercially available monosized 
Dynabeads with the size range of 10 µm. 
Table  2-5 Properties of some magnetic materials  
Materials Saturation magnetization (kA m-1)  at 298 K Curie temperature (K) 
Co 425 793 
Cu 135 728 
Fe 484 858 
γ-Fe2O3 414 863 
Fe3O4 478 863 
Mn 400 573 
Ni 270 858 
 
 
According to magnetism classification in Table 2-6, magnetic particles could be 




Table  2-6 Classification of magnetism 
Ferromagnetism 
  Moments of individual atoms aligned 
Antiferromagnetism
















 Unequal moments alternate 








Diamagnetism No long-range order; alignment opposes field 
 
2.2.2 Preparation of Magnetic Particles 
Preparation of nano-sized magnetic particles was firstly achieved by size reduction 
technique, i.e. grinding a larger coarse-grained ferromagnetic powder in a ball mill 
(Blums et al., 1996). This method is time-consuming and energy-costing. Other 
methods were also developed to prepared magnetic colloidal particles such as 
decomposition of metal carbonyls, electrodeposition techniques, and disruption of 
magnetotactic bacteria (Blums et al., 1996; Safarik and Safarikova, 2002). But now the 
most common method is the chemical precipitation method, which involves the 
reaction of ferric, ferrous and other ions in alkaline conditions under an inert 
atmosphere. The advantages of this method are that it is fast and simple to obtain nano 
scale magnetic particles with narrow size distribution, and that diverse surface 
modification can be carried out at the same time during the preparation. The chemical 
precipitation method is based on the following chemical reaction (Elmore, 1938): 
 




Various ways of preparing magnetic particles are summarized in the following table: 
 
Table  2-7 List of the preparation of magnetic particles  
Particles form Preparation process Reference 
Aqueous magnetic 
fluid 
Co-precipitation of FeCl2 and 
FeCl3 with ammonia 
(Khalafalla and Reimers, 
1980) 
Bilayer ferrofluid Dehydration of a salt solution of 





Co-precipitation of FeCl2 and 
FeCl3 with ammonia 
(Honda et al., 1999) 
Hematite 
nanocrystals 
Hydrothermal reaction of 
Fe(NO3)3 
(Li et al., 2002) 
Iron oxide crystal Mixing of FeCl2 and FeCl3 with 
NaOH 




Co-precipitation of FeSO4 and 
FeCl3 with ammonia 
(Koneracka et al., 1999) 
Iron oxide particles Hydrolysis of iron tri-n-butoxide 
in an octanol/acetonitrile solution 
(Kimata et al., 2003) 
Magnetic particles Oxidization-precipitation of 
FeSO4 by H2O2 
(Deng et al., 2002) 
Magnetite Co-precipitation of FeCl2 and 
FeCl3 with ammonia 
(Honda et al., 1998) 
Chapter 2 
 23
Magnetoliposomes Co-precipitation of FeCl2 and 
FeCl3 with ammonia 
(Rocha et al., 2001) 




Stirring of FeCl2 and FeCl3 with 
NaOH 
(Kang et al., 1996) 
Novel nano- 
adsorbent 
Coprecipitating of FeCl2 and 
FeCl3 with ammonia 
(Liao and Chen, 2002b) 
PVA magnetic 
support 
Oxidization-precipitation of FeCl2 
by H2O2 
(Tong et al., 2001) 
Superparamagnetic 
iron oxide particles  
Co-precipitation of FeCl2 and 
FeCl3 with NaOH 
(Kim et al., 2001) 
Superparamagnetic 
γ-Fe2O3 particles 
Hydrolysis of Fe(NO3)3 (Moreno et al., 2002) 
Ultrafine Fe3O4 
particles 
Co-precipitation of FeCl2 and 
FeCl3 with NaOH 
(Lee et al., 1996) 
 
2.2.3 Interaction between Magnetic Particles and Magnetic Field 
Magnetization of ferromagnetic and paramagnetic materials will occur when placed in 
a magnetic field. The relation describing this phenomenon can be shown by the 
following equation: 
 




where, M is the induced magnetization of the magnetic particle, m is the mass of 
magnetic particle, χ is the magnetic susceptibility of magnetic particle, and H is the 
magnetic field strength. 
 
When magnetic particles are placed in magnetic field, the forces exerted on magnetic 
particles by the magnetic field can be described by the following equation (Fateen, 
2002; Bucak et al., 2003): 
 






µ= ⋅∇                               (2-3) 
 
where, F is the magnetic force, χ is the magnetic susceptibility of magnetic particle, Vp 
is the volume of magnetic particles, µ0 is the permeability of free space, B is magnetic 
flux density, and H is the magnetic field strength. In general, the magnetic force 
exerted on magnetic particles by magnetic field can be used to capture the particles.  
 
2.3 Surface Modification of Magnetic Particles 
Separation and purification of proteins are the major keys in downstream processing of 
biotechnology. To achieve the separation, different intermediates are coated on 
magnetic particles for the separation of desired proteins. Surface modifications of 
magnetic particles are very important for the separation of a specific target. The 
following sections describe various methods of surface modifications for the 




2.3.1 Coated with metal chelating agent 
Magnetic agarose coated with chelating group iminodiacetic acid (IDA) shows the 
ability to separate model proteins (such as angioI-TEM-β-lactamase from crude cell 
lysate) when charged with metal ions (Cu2+ or Zn2+) (Abudiab and Beitle, 1998). One 
step recovery procedure of recombinant histidine-tailed T4 lysozyme fusion protein 
directly from crude E. coli extracts was studied by using micron-sized non-porous 
magnetic metal chelator adsorbents charged with Cu2+ (O'Brien et al., 1997). Another 
metal chelate affinity system was developed by coating a six-carbon spacer and 
nitrilotriacetic acid on commercial superparamagnetic beads, which shows excellent 
histidine-binding ability when charged with nickel (Ji et al., 1996). 
 
2.3.2 Coated with thermosensitive polymer 
Magnetic particles coated with thermosensitive polymer shows a reversible adsorption 
and desorption cycle sensitive to temperature. The thermosensitive magnetic particles 
can adsorb proteins when the temperature is higher than the lower critical solution 
temperature (LCST), and reversely release protein when the temperature is lower than 
LCST.  N-isopropylacrylamide is a commonly used monomer in the preparation of 
themosensitive polymer coated on magnetic particles. Recent works show magnetic 
particles coated with themosensitive polymer have the potential in the separation and 
purification of enzyme and proteins (Ding et al., 2000a; Elaissari and Bourrel, 2001). 
 
2.3.3 Coated with functional ligands 
Diverse functional ligands are immobilized on the surface of magnetic particles for the 




Cibacron blue 3GA is a commonly used affinity agent for binding proteins such as 
bovine serum albumin (BSA) and lysozyme. It can be immobilized on a cross-linked 
polymer shell coated either on magnetic particles (Tong et al., 2001), magnetic agar-
gel (Tong and Sun, 2001) or a magnetic matrix (Xue and Sun, 2002). These magnetic 
supports coated with cibacron blue 3GA show promising capacity in the extraction of 
BSA, lysozyme, and alcohol dehydrogenase (ADH). 
 
Activating agents such as glutaraldehyde and water-soluble carbodiimide are usually 
used to immobilize polymers on magnetic particles. But sometimes they are also used 
as ligand to promote protein adsorption on magnetic supports (Tanyolac and Ozdural, 
2001; Koneracka et al., 2002). 
 
Functionalized phospholipids derivatives were coated on magnetic supports for the 
attachment of proteins or antibodies (Rocha et al., 2001; De Cuyper et al., 2002; Bucak 
et al., 2003). Magnetic particles coated with chitin and chitosan were used to extract 
enzyme and lectin (Safarik and Safarikova, 1993; Safarikova and Safarik, 2000). Soya 
bean trypsin inhibitor was coated on sub-micron magnetic particles to extract trypsin 
(Khng et al., 1998). Polyacrylic acid (PAA) was covalently coated on magnetic 
particles for the adsorption of lysozyme (Liao and Chen, 2002a). Human IgG was 
immobilized to polymer-coated magnetic particles (Eudragit-Mag) for the separation 




2.4 Adsorption and Desorption 
Adsorption on particles is the first and important step for the separation of chemical 
and biomolecules. To understand the adsorption process, we investigated the 
adsorption equilibrium, adsorption kinetics, various parameters affecting adsorption. 
On the other hand, desorption is also important for the recovery of target molecules 
from the surface of particles. Thus, suitable adsorption/desorption parameters should 
be developed for the separation of targets, originally present in a mixture 
 
2.4.1 Adsorption Equilibrium 
Adsorption equilibriums of chemicals on magnetic particles could also be described by 
Langmuir model (Rudge et al., 2000; Ebner et al., 2001). Although protein adsorption 
on particles is not a physically reversible process, adsorption equilibrium of proteins 
on magnetic particles still could be described well by Langmuir model (Abudiab and 









+=                                                              (2-4) 
where, Q is the adsorption amount, Qm is the maximum adsorption amount, Ka is the 
equilibrium coefficient, C* is the equilibrium concentration. 
 
Another commonly used model to describe the adsorption isotherm of chemical or 
biomolecules on particles are Freundlich equation (Honda et al., 1999; Duracher et al., 




akCΓ =                                                                (2-5) 
 
Some researchers combined Langmuir and Freundlich isotherm to describe the 













                                                              (2-6) 
 
These previous work on adsorption equilibrium could be useful for the study of 
adsorption equilibrium of chemical or biomolecules on nano-sized magnetic particles. 
 
2.4.2 Adsorption Kinetics 
The adsorption of chemicals and biomolecules from aqueous solutions onto solid 
particles are considered as a process consisted of several steps: 1) diffusion of solute 
from bulk solution to the surface of solid particles; 2) attachment of target molecules to 
active sites on the surface; 3) rearrangement of biomolecules at the surface after 
adsorption. 
 
Some work considered the adsorption kinetics of BSA on particles as two-regime 
process (Bajpai, 2000). At the first stage, the adsorption kinetics is governed by the 
diffusion of target molecules from bulk solution to the surface, which can be 




( ) '02Q t C D tπ=                                                          (2-4) 
 
Where, Q(t) is the adsorbed amount of target at different time, t. C0 is the initial 
concentration of target. D' is the diffusion constant, cm2 s-1. 
 
At the second stage, the target molecules have to penetrate the barrier resulted from 
pre-adsorbed molecules. The process is described by an exponential time dependence 
equation as the following: 
 
( ) 1 tTeqQ t Q e
−⎡ ⎤= −⎢ ⎥⎣ ⎦
                                                       (2-5) 
 
Where, Qeq is the adsorbed amount at equilibrium, mg g-1. 1/T is the penetration rate 
constant, mg g-1 s-1. 
 
 Another kinetic model, the so-called pore diffusion model was used to describe the 
adsorption kinetics of BSA on magnetic particles (Tong and Sun, 2001; Xue and Sun, 
2002): 
 
( )3 f i r Rk HdC C Cdt R == − −                                              (2-6) 
 
Where, C is the target concentration in bulk phase, Ci is the target concentration in 
particle pore, kf is the external liquid film mass transfer coefficient, m/s, H is the 
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volume ratio of solid to liquid phases, R is the mean particle radius, and r is coordinate 
in radial direction. 
 
Some researchers found that the adsorption kinetics of different phosphatidylglycerol 
(PG) analogues onto nanometer-sized magnetite (Fe3O4) particles, describing the 
construction of the inner layer during the initial adsorption phase, obey first-order 
reaction rules (De Cuyper and Joniau, 1991).  
 
A second-order reversible reaction model was used to described the adsorption kinetics 
of protein on glutaraldehyde-activated magnetic particles as follows (Tanyolac and 
Ozdural, 2001): 
 
( )maxf rdQ K C Q Q K Qdt = − −                                     (2-7) 
 
Where, Kf and Kr are the apparent forward and reverse rate constants, respectively. 
 
Some researchers suggested a pseudo-first-order model to describe the adsorption of 






Γ − Γ = −Γ − Γ                                           (2-8) 
 
Where, Γ0, Γt and Γ∞ are the phospholipid/Fe ratio at time 0, t and equilibrium, 




All these published work provide useful information to study the adsorption of 
chemical and biomolecules on nano-sized magnetic particles. 
 
2.4.3 Parameters Affecting Adsorption 
Protein adsorptions on magnetic particles are affected by several parameters such as 
pH, salt concentrations, and temperature.  
 
Proteins are multivalent electrolytes with many amino acid residues involved in acid-
base equilibrium, which have zero net charge at its isoelectric point (pI), positive 
charge at pH values below pI and negative charge at pH above pI. Therefore the 
adsorptions of proteins on magnetic particles vary with the pH. The maximum 
adsorption occurs near the pI of the proteins due to the fact that proteins undergo 
minimum conformational changes (Kondo et al., 1993).  
 
Ionic strengths are adjusted by changing inorganic salt concentrations, which therefore 
affect the electrostatic interactions between proteins and magnetic particles. According 
to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the stability of colloidal 
dispersions is affected by the surface potential. Increasing the ionic strength will result 
in the decreasing of surface potential and electrostatic repulsion. Hence, increasing 
NaCl concentration will reduce the adsorbed lysozyme amounts on magnetic particles 
(Tong and Sun, 2001; Tong et al., 2001). 
 
Temperature will also affect the adsorption process. Increasing temperature will reduce 
the amount of adsorbed protein on magnetic supports (Bajpai, 2000; Liao and Chen, 
2002a). The possible reason is that the electrostatic binding force between protein 
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molecules and the solid surface weakens as temperature increases (Bajpai, 2000). 
However, in some cases, increasing temperature will promote the adsorption of protein 
on thermosensitive magnetic supports (Ding et al., 2000b; Elaissari and Bourrel, 2001).  
 
Parameters affecting extraction of chemicals by magnetic particles could be pH, initial 
concentrations of targets, and initial concentrations of adsorbents. Ebner et al. (2001) 
reported that the adsorption isotherms of Cs+, Sr2+ and Co2+ on a magnetic complex at 
different pH showed saturation capacity, which increased with increasing of pH (Ebner 
et al., 2001). Safarikova  and Safarik (1999) found that the recovery of dye molecules 
was independent on the amount of dye present in the solution at low analyte 
concentration when it was completely adsorbed on the magnetic adsorbents 
(Safarikova and Safarik, 1999). Gonkon et al. (2002) found that by adding 5 mg/ml 
ferrimagnetic fine particles (FMFPs), phosphate ion recovery was increased from 80% 
to 95% (Gokon et al., 2002). Demircan et al. (2003) also studied the effects of 
activated carbon and magnetite percentages, different initial adsorbate concentration 
and pH values on the adsorption capacity (Demircan et al., 2003). 
 
2.4.4 Desorption study 
Suitable desorbing agents should be selected to release the adsorbed protein from 
magnetic particles. Commonly used methods could be adjustment of pH (either using 
acid (Safarik and Safarikova, 1993) or alkaline conditions (Tong and Sun, 2001), 
increasing salt concentration (Tong et al., 2001; Liao and Chen, 2002a) , and 
temperature (Ding et al., 2000b; Elaissari and Bourrel, 2001). Some researcher used 
morpholine to desorb proteins from particles (Norde and Anusiem, 1992; Norde and 
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Favier, 1992). Lowering temperature was applied for the desorption of protein from 
magnetic particles coated with thermosensitive polymers (Ding et al., 2000b). 
 
2.5 Evaluation of the Separated Targets 
It is known that proteins will undergo conformational changes during the 
adsorption/desorption process. This change may result in a change of its bioactivity. 
For a whole bioseparation process, evaluation of the bioactivity of proteins is essential 
and important. Purity of desorbed proteins can be elegantly evaluated by SDS-PAGE 
electrophoresis (Khng et al., 1998). Possible conformational changes of desorbed 
proteins can be measured by circular dichroism (CD), fluorescence, and differential 
scanning calorimeter (DSC). The activity of enzyme can be checked by applying its 
corresponding substrate (Tong et al., 2001; Liao and Chen, 2002a). 
 
2.6 Scope of the Thesis 
This section reviews the application of magnetic particles in the separation of 
chemicals and biomolecules published in recent years. Magnetic particles show a 
promising potential to develop broader applications of chemical and biomolecules 
separations. Although nano-sized magnetic particles represent a more interesting focus 
for the application in bioscience and biotechnology, only limited work has been 
published on its application on separation of organic and biomolecules. 
 





1) Preparation and characterization of nano-sized magnetic particles 
Synthesis of nano-sized magnetic particles is carried out using chemical precipitation 
method by mixing FeCl3 and FeCl2 with ammonia under a nitrogen atmosphere. 
Characterizations of the chemical, physical and magnetic properties of magnetic 
particles are carried out using different tools, such as FTIR, BET, TEM and VSM.  
 
2) Application of magnetic particles in organic separation 
Separations of organic molecules by magnetic particles are carried out by choosing 2-
hydroxyphenol (2-HP) and 2-nitrophenol (2-NP) as model targets, which are different 
in their hydrophilic strength. Surface modification of magnetic particles with surfactant 
is carried out. Hydrophilic interaction mechanism between the organic molecules and 
surfactant are studied.  
 
3) Application of magnetic particles in protein separation 
Bovine serum albumin (BSA) and lysozyme (LSZ) are selected as model proteins for 
the study of adsorption/desorption of biomolecules on magnetic particles. BSA is 
classified as a ‘soft’ protein type since it is relatively easy changes its structure during 
the adsorption/desorption process, as compared to the ‘hard’ protein LSZ. Another 
reason for choosing the two proteins as model proteins is the apparent differences in 
their sizes, molecule weights and isoelectric points. Therefore, BSA and LSZ are good 
model systems to study the various interactions between biomolecules and magnetic 
particles, such as electrostatic effect, hydrophobic effect, and biomolecule structure 
effect. The selective and sequential adsorption of BSA and LSZ are studied and 
compared. It is believed that this work on two different protein models could provide 




4) Conformational change and enzymatic activity assay 
Besides study on adsorption/desorption of biomolecules from nano-sized magnetic 
particles, it is important to compare the obtained products with the initial ones. 
Conformational change and in the case of LSZ enzymatic activity loss before and after 




Chapter 3 Materials and Methods 
3.1 Materials 
The materials used in this experimental work are listed in Table 3-1. All the chemicals 
were used as received without further treatment. 
 
The physical-chemical properties of 2-hydroxyphenol and 2-nitrophenol, BSA and 
LSZ are listed in Table 3-2 and Table 3-3, respectively.  
 
Table  3-1 Lists of chemical materials 
Name Chemical Formula Grade Supplier 
1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride 
 GR Aldrich 
2-Hydroxyphenol OHC6H4OH GR Aldrich 
2-Nitrophenol OHC6H4NO2  GR Aldrich 
Acetone CHCOCH GR Merck 
Acetonitrile CH3CN HPLC Tedia 
Ammonium Hydroxide (25%) NH4OH GR Merck 
Bovine serum albumin (BSA)  GR Aldrich 
Iron (II) chloride tetrahydrate (99%) FeCl2·4H2O GR Fisher 
Iron(III) chloride hexahydrate (98%) FeCl3·6H2O GR Nacalai Tesque 
Lysozyme  GR Aldrich 
Methanol CH3OH HPLC Tedia 
Micrococcus lysodeikticus   Aldrich 
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Milli-Q water   Milli-Q 
Phosphoric acid (85%) H3PO4  GR Merck 
Trifluoroacetic acid (TFA)  HPLC Merck 
Tris (hydroxymethyl) aminomethane  GR Aldrich 
Undecanoic acid C11H22O2  GR Aldrich 
 
 
Table  3-2 Physico-chemical properties of 2-hydroxyphenol and 2-nitrophenol 
 2-hydroxyphenol 2-nitrophenol 
Melting point 104-106 ºC 44-45 ºC 
Boiling point 245 ºC 214-216 ºC 
Solubility 100% About 10% in water 
Molecular weight 110 139.11 





















BSA 66700 14×4×4 582 4.7 low 
LYZ 14600 4.5×3×3 129 11.1 high 
* source come from references (Peters Jr., 1985; Norde and Favier, 1992) 
Chapter 3 
 38
3.2 Experimental Procedures 
The experimental procedures are described in the following sections. 
3.2.1 Synthesis of Magnetic Particles 
Magnetic particles were prepared by chemical precipitation method under inert 
atmosphere (Wooding et al., 1991; Shen et al., 1999). The experimental setup is shown 
in Figure 3-1. 
 
For the synthesis of magnetic particles without any coating, a complete precipitation of 
Fe3O4 was achieved under alkaline condition, while maintaining a molar ratio of Fe2+: 
Fe3+=1:2 under nitrogen. The resulting suspension was cooled down to room 
temperature and then washed with Milli-Q water to remove any unreacted chemicals. 
Finally, the wet magnetic particles were obtained by draining the water, and used for 
the adsorption experiments. The solid content of the wet particles was measured after 
water was removed by freeze-drying. 
 
3.2.2 Coating of Surfactants on Magnetic Particles 
For the synthesis of magnetic fluids coated with a double layer of the surfactant-
undecanoic acid, the procedure was divided into several steps. The experimental 
procedure is schematically shown in Figure 3-2. First, the synthesis of magnetic 
particles and the coating of first layer of surfactant were carried out. A complete 
precipitation of Fe3O4 was achieved under alkaline condition, while maintaining a 
molar ratio of Fe2+: Fe3+=1:2 under a non-oxidizing environment. To obtain 1 g of 
Fe3O4 precipitate, 0.86 g of FeCl2·4H2O and 2.36 g FeCl3·6H2O were dissolved under a 
N2 atmosphere in 40 ml of deaerated Milli-Q water with vigorous stirring (1000rpm). 
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As the solution was heated to 80ºC, 1 g of the undecanoic acid and 5 ml NH4OH were 
added together. To ensure the complete growth of the nanoparticle crystals, the 







Figure  3-1 Experimental setup for the preparation of magnetic particles 
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Figure  3-2 Scheme representing the synthesis of bilayer coated magnetic fluids 
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The washing of the excess amount of added surfactant using acetone and methanol was 
carried out. The resulting water-based suspension is cooled down to room temperature 
and then washed with acetone and methanol (1:1 volume ratio) to remove the 
unreacted surfactant. The residual methanol and acetone from the precipitated 
magnetic particles were then removed by washing with Milli-Q water. This 
methanol/acetone wash did not affect the adsorbed surfactant (Shen et al., 1999).  
 
The coating of second layer of surfactant on magnetic particles was carried out. The 
washed magnetic particles were resuspended into 25 ml Milli-Q water, and the slurry 
was heated to 60ºC with constant stirring. Once the slurry reached 60oC, a surfactant 
solution of pH 10 (prepared by dissolving 1g undecanoic acid to 10 ml of Milli-Q 
water in presence of NH4OH) was added dropwise until a stable suspension was 
obtained. At this point, a dull black colored suspension turned to shinny dark reddish 
brown color. A stable suspension did not produce any visible precipitation when 
placed on a magnet for about 5 min.  
 
3.2.3 Adsorption Experiments 
1) Adsorption of BSA 
Adsorption of BSA on magnetic particles was carried out by mixing 4 ml of BSA 
solution at different concentrations (0.5, 1.0, 1.5, 2.0mg/ml), 110 mg wet solid 
magnetic particles and 1 ml of 2.0 mg/ml freshly prepared carbodiimide solution. The 
mixture was left in a shaker operating at 150 times/min for 24 hours to reach 
equilibrium. The wet magnetic particles were dried (Edwards freeze-dryer, ESM 1342), 





 Effect of pH on adsorption was evaluated in the range of pH 3.36-9.07. Three buffer 
systems, i.e. 0.01 M sodium acetic acid buffer (pH 3.36, 4.64), 0.01 M mono/di 
sodium phosphate buffer (pH 5.19, 6.15) and 0.01 M Tris-HCl buffer (7.25, 8.11, 9.07) 
were used for the experiments. Effect of salt concentration was evaluated at different 
NaCl concentration (0, 0.05, 0.1, 0.5, 1.0, 1.5M). BSA concentrations in the 
supernatant before and after the adsorption experiments were measured by UV- 
spectrophotometric anaysis (Shimadzu UV 1601 PC) at 280 nm (Yoon et al., 1998b; 
Tanyolac and Ozdural, 2001). Therefore, the adsorbed mass of protein can be 
calculated by mass balance. Adsorption kinetics of BSA on magnetic particles were 
carried out at pH 4.64 for two different feed concentrations (0.413 mg/ml and 1.202 
mg/ml). 
 
2) Adsorption of LSZ 
Adsorption of lysozyme on magnetic particles was carried out at 22°C by mixing 
lysozyme solution at different concentrations and 110 mg wet solid magnetic particles. 
The mixture was shaken (150 times/min) for 24 hours to reach equilibrium. Lysozyme 
concentration in the supernatant was measured by UV- spectrophotometric analysis 
(Shimadzu UV 1601 PC) at 280 nm (Tong et al., 2001). The adsorbed mass of protein 
was calculated by mass balance. 
 
3) Selective and Sequential Adsorption of BSA and LSZ 
Selective adsorptions of BSA and LSZ on magnetic particles were carried out by 
adding 110 mg wet magnetic particles into 5 ml at various concentrations of protein 
mixtures at different pH, and keeping in a shaker (150 rpm) for 24 hour at 23°C to 
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reach adsorption equilibrium. After reaching equilibrium, a magnet was used to 
separate the precipitate from the supernatant. The protein concentrations in supernatant 
were measured by HPLC. Therefore, the adsorbed protein BSA and LSZ amount can 
be calculated by mass balance. Sequential adsorptions of BSA and LSZ were also 
studied. A BSA solution was pre-adsorbed on magnetic particle at pH 4.64. The 
drained and washed BSA-Fe3O4 complex was added to a LSZ solution of pH 11.0. The 
sequentially adsorbed amount of LSZ and the desorbed amount of BSA were 
compared by calculating the difference between the initial and final concentrations. 
The pre-adsorbed LSZ and BSA sequential adsorption were performed in similar steps, 
but were in reverse order. 
 
4) Adsorption of 2-hydroxyphenol and 2-nitrophenol 
For equilibrium studies, 0.3 ml magnetic fluid with a solid fraction of 0.0139 (g/ml) 
was mixed with 3 ml feed solution of different concentrations. The feed was either of 
2-hydroxyphenol or 2-nitrophenol, or equimolar mixture of these two components. All 
the experiments were conducted at pH of 6.6, which was the unadjusted pH of the 
mixture of magnetic fluid and feed solution. After three days, the magnetic particles 
settled naturally, giving a clear supernatant that was suitable for HPLC analysis 
without any further treatment. The effect of pH on the adsorption of 2-hydroxyphenol 
was also studied. 
 
Study on the adsorption kinetics of 2-hydroxyphenol on magnetic fluid was carried out 
at two different initial feed mixture concentrations, 0.0826 mM and 0.1719 mM. 
Several identical samples were prepared by mixing 0.3 ml magnetic fluid and 3 ml 
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feed solution and stored in separate bottles. At different time intervals, the supernatant 
from each of the sample bottles were withdrawn for analysis. 
 
3.2.4 Desorption Experiments 
Desorption of BSA from magnetic particles was carried out using 0.5M Na2HPO4 (pH 
9.35). For desorption study, feed with BSA concentration of 0.413 mg/g was applied. 
Once the equilibrium was reached for the adsorption, the surpernatant was separated 
from the magnetic particles by the help of a magnet. Then the particles were washed 
by Milli-Q water. Magnetic particles containing BSA was then mixed with 5 ml 0.5 M 
Na2HPO4 solution. After 2 hour, the supernatant was collected and analyzed in a UV-
spectrometer and by SDS-PAGE electrophoresis. 
 
Desorption of LSZ from magnetic particles were carried out at 22 °C by using either 
NaSCN (pH 6.0) or NaH2PO4 (pH 4.0). When equilibrium was reached for adsorption, 
the supernatant and the solid were separated by using a permanent magnet. The 
precipitated solid was washed with Milli-Q water. Either 1.5 M NaSCN (pH 6.0) or 0.5 
M NaH2PO4 (pH 4.0) was added to the solid to desorb the proteins at a constant 
shaking rate of 150 times/min. After 2 hour, a magnet was used to precipitate the 
particles and the supernatant was collected and analyzed. 
 
3.3 Analytical Methods 





3.3.1 Transmission Electron Microscopy (TEM) 
Characterizations of size and morphology of the magnetic particles were carried out 
using transmission electron microscopy (TEM). A bright-field TEM (Model: JEM-
2010) was used for the size measurement of the magnetic particles. To prepare the 
sample for TEM measurement, a copper film (200 mesh and covered with 
formvar/carbon) was coated with a thin layer of a diluted magnetic particle suspension. 
The copper film was then dried at room temperature for 24 h before the measurement. 
 
3.3.2 Vibrating Sample Magnetometer (VSM) 
The VSM is the basic instrument for characterization of magnetic materials as a 
function of magnetic field and temperature. Wet magnetic particles were freeze-dried 
(Edwards freeze-dryer, ESM 1342) for 24 h and then used for VSM measurement 
(Model: 1600, DMS). A plastic cylinder cell containing the sample was attached on a 
rod in the applied magnetic field from -15,000 to 15,000 Oe, in which the rod was 
vibrating in a certain rate. The magnetization curve of the magnetic particles at room 
temperature was then plotted with the changes of magnetic field strength and its 
direction. 
 
3.3.3 X-ray Diffraction Analysis (XRD)  
X-ray diffraction was used to measure the crystallographic structure of the magnetic 
particles. The XRD patterns of the magnetic particles were measured using a Shimadzu 
XRD-6000 Spectrometer (Cu Kα, 40 kV, 30 mA, wavelength λ = 0.1504 nm). The 




3.3.4 Brunauer-Emmett-Teller (BET) Method  
The specific surface area was measured by BET analyzer (Model: Nova 3000). Surface 
cleaning (degassing) of the dried solid magnetic particles were carried out by placing 
the sample in a glass cell and heating under vacuum before the measurements. Once 
clean, small amounts of gas molecules were admitted in steps into the sample chamber 
and then stick to the surface of solid particles, which was carrying out in an external 
bath maintained by liquid nitrogen. As the equilibrium adsorbate pressures approach 
saturation, the surfaces of magnetic particles become completely occupied by 
adsorbate. Knowing the density of the adsorbate, it is easy to calculate the specific area 
of the magnetic particles. 
 
3.3.5 Zeta Potential Analyzer 
The zeta potential is an indicator of the magnitude of the repulsion or attraction 
between particles. Its measurement brings the detailed insight into the dispersion 
mechanism and provides the key information on the electrostatic dispersion due to 
surface charges. The zeta potentials of Fe3O4 magnetic particles at different pHs were 
measured using Brookhaven Zeta Plus 90 analyzer. Samples were prepared by diluting 
20 mg wet magnetic particles in 10-3 M NaNO3 solution at different pH adjusted with 
diluted HNO3 or NaOH solution. 
 
3.3.6 Thermogravimetric Analysis (TGA) 
TGA is a thermal analysis technique used to measure changes in the weight of a 
sample as a function of temperature/time. TGA test is performed by a TA 2050/winNT 
thermal analysis system. 10 mg of the dried sample was loaded into the system, and 
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the mass loss of the sample was monitored under N2 atmosphere at temperatures from 
25 to 600ºC at a rate of 20ºC per minute. 
 
3.3.7 Total Organic Carbon Analyzer (TOC) 
TOC analyzer measures the amount of total organic carbon present in the surfactants 
coated on the surface of magnetic particles. TOC test was performed by QT Astro 
2100 model TOC analyzer. About 10 mg solid sample was loaded into the chamber 
and then combusted in an oxygen-rich environment, resulting the complete conversion 
of carbon to carbon oxide.  The total carbon content was obtained from the TOC result, 
which is plotted as a function of the release amount of carbon oxide and time. 
 
3.3.8 X-ray Photoelectron Spectroscopy (XPS) 
XPS is well established technique for surface analysis of particles, in which surfaces 
are irradiated with soft X-ray and the emitted photoelectrons energy are analyzed. The 
difference between X-ray energy and the photoelectron energies give the binding 
energies (BEs) of the core level electrons, an atomic characteristic. XPS measurements 
were made on a VG ESCALAB MkII spectrometer with a Mg Kα X-ray source 
(1253.6eV photons) at a constant retard ratio of 40. The samples were mounted on the 
standard sample studs by means of double-sided adhesive tapes. The core-level signals 
were obtained at a photoelectron take-off angle of 75° (with respect to the sample 
surface). The X-ray source was run at a reduced power of 120 W. The pressure in the 
analysis chamber was maintained at 7.5×10-9 Torr or lower during each measurement. 





3.3.9 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR is an analytical technique for the identification of organic (and in some case for 
inorganic) materials. It measures the absorption of various infrared light wavelengths 
by the target sample, which can identify specific molecular components and structures. 
Absorption bands in the range of 4000-1500 wavenumbers are typically due to 
functional groups (e.g. –OH, C=O, N-H, and CH3, et al.). The region between 1500-
400 wavelength numbers is considered as the fingerprint region, which is highly 
specific for each material. A certain amount of solid sample was mixed with KBr 
powder and then transformed into pellet by press automation. The pellet was used for 
the FTIR measurements, which was performed in a Bio-Rad, Model 400 using KBr as 
background.  The spectrum was recorded as a function of transmission and wavelength 
from 4000-400. 
 
3.3.10 Circular Dichroism (CD) 
Circular dichroism (CD) is the difference in absorption between left and right handed 
circulary polarized light. Proteins contain elements of asymmetry and thus exhibit 
distinct circular dichroism signals. CD spectroscopy was used to measure the 
conformational change of the desorbed protein with respect to the native one. Solutions 
of the native protein and the desorbed protein were diluted in the range 0.05-0.10 
mg/ml with the corresponding solution and scanned over the wavelength range 200-
260 nm by Jacob J810 spectropolarimeter, using 5 mm quartz cylindrical cell. The 
secondary structures of native protein and desorbed protein from magnetic particles by 
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different desorption agents were evaluated by comparing the α-helix content, 
corresponding to the ellipticity of the bands at 208 nm. 
 
3.3.11 Fluorescence 
Fluorescence is the phenomenon in which absorption of light of a given wavelength by 
a fluorescent molecule is followed by the emission of light at longer wavelengths. The 
distribution of wavelength-dependent intensity that causes fluorescence is known as 
the excitation spectrum, and the distribution of wavelength-dependent intensity of 
emitted energy is known as emission spectrum. The fluorescence measurements of the 
native protein and the desorbed protein by different desorption agent were carried out 
with fluorescence spectrometer (Quantamaster, GL-3300 & GL-302 laser systems). 
The excitation wavelength was set at 295 nm and the emission was scanned from 315 
to 390 nm for all samples. The scan rate was 0.25 nm/min-1 with a 10 nm bandpass for 
both excitation and emission. 
 
3.3.12 Differential scanning calorimetry (DSC) 
DSC gives the relation between temperature and heat flow associated with thermal 
transitions in a material by comparing the heat flow difference between sample and 
reference during the process linear or isothermal heating/cooling. DSC measurements 
were carried out with a Setaram micro-DSC III (Setaram, Caluire, France) on native 
BSA solution, desorbed BSA solution, and suspensions of magnetic particles with 
adsorbed BSA. In each case, 1 ml of a solution was filled in a cyclindral sample cell. 
The reference cell was filled with appropriate blank solution (buffer or magnetic 
particle suspension). Thermal curves were established at a heating rate of 0.5 ºC/min 
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over a temperature range of 20-90 ºC. The denaturation temperature (Td) and the 
enthalpy of denaturation (∆dH) were calculated by the Setaram software. 
 
3.3.13 SDS-PAGE 
Sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-PAGE) is used for 
molecular weight analysis of proteins. SDS is an anionic detergent, which has a net 
negative charge in its molecule. It binds to most soluble protein molecules in aqueous 
solutions over a wide pH range. Polypeptide chains bind amounts of SDS that are 
proportional to the size of the molecules. The negative charges on SDS destroy most of 
the complex (secondary and tertiary) structure of proteins, and are strongly attracted 
toward an anode (positively-charged electrode) in an electric field.  
 
A polyacrylamide gel with acrylamide content above a critical density restrains larger 
molecules from migrating as compared to smaller ones. Because the charge-to-mass 
ratio is nearly the same among SDS-denatured polypeptides, the final separation of 
proteins is dependent almost entirely on differences in molecular weight of 
polypeptides. In a gel of uniform density, the relative migration distance of a protein is 
negatively proportional to the log of its molecular weight. Protein separation by SDS-
PAGE is used to determine the relative abundance of major proteins in a sample, their 
approximate molecular weights, and in what fractions they can be found. The purity of 
protein samples can be assessed.  
 
SDS-PAGE was performed under non-reducing conditions in a 12.5% acrylamide gel 
using a Bio-Rad Mini-Protean II apparatus (Segrate, Italy) operating at 180 V and 100 
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mA.  The gel was stained with 0.1% Coomassie Brilliant Blue to visualize the protein, 
destained with an aqueous solution of 20% ethanol and 10% acetic acid. 
 
3.3.14 Lysozyme Activity Measurement 
Lysozyme is an enzyme that attacks bacterial cell walls. It degrades the cell wall by 
cleaving the sugar backbone of the peptidoglycan component. Specifically, lysozyme 
adds water to (hydrolyzes) the glycosidic bond between N-acetylmuramic acid (NAM) 
and N-acetylglucosamine (NAG). Lysozyme is a common constituent of biological 
tissues and secretions; it has been found in egg whites, tears, sweat, the digestive tract 
of ruminants and the hemolymph of Lepidoptera. 
 
Bacterial cell walls are of two types: Gram negative and Gram positive. Gram positive 
bacteria have a cell wall composed of a thick layer of peptidoglycan overlaid by a 
thinner layer of techoic acid. In contrast, Gram negative bacteria have a thinner layer 
of peptidoglycan which is enclosed in a second lipid bilayer. (The 'Gram' designation 
comes from whether or not the specific bacterium is stained by a reaction series 
developed by a Danish physician, Hans Christian Gram). Lysozyme is most effective 
against Gram positive bacteria since the peptidoglycan layer is relatively accessible to 
the enzyme; lysozyme is effective against Gram negative bacteria only after the outer 
membrane has been compromised. 
 
Due to the fact that lysozyme is effective to digest Gram-positive cell wall, 
Micrococcus lysodeikticus was used as the target cell in the enzymatic activity assay 
by measuring the turbidity of the suspension at 450 nm in a Shimadzu UV-1601 
spectrophotometer. A suspension of 0.1 mg/ml M. lysodeikticus was prepared in 0.01 
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M phosphate buffer (pH 6.15). To 2.95 ml M. lysodeikticus suspention, 0.05 ml diluted 
lysozyme solution (about 0.01 mg/ml) was added and mixed immediately. One unit 
activity is referred to a decrease in turbidity of 0.001 per minute at 450 nm (Liao and 
Chen, 2002a).   
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Chapter 4 Extraction of Bovine Serum Albumin (BSA) 
by Magnetic Particles 
4.1 Introduction 
Magnetic separation is a recent developing technology and mostly applied in the field 
of bioseparation. The principle of this method is to utilize magnetic particles to bind 
the target molecules via ligand to form a complex that can be separated from the bulk 
solution by magnetic field gradient. Its application includes enzyme immobilization 
(Dekker, 1989; Kondo and Fukuda, 1997), cell sorting (Molday and Molday, 1984; 
Hancock and Kemshead, 1993; Haik et al., 1999), protein adsorption and purification 
(O'Brien et al., 1996; Abudiab and Beitle, 1998), nucleic acid detachment (Uhlen, 
1989; Levison et al., 1998) and drug delivery (Rusetski and Ruuge, 1990). Compared 
to conventional separation, the advantages of magnetic separation are attributed to its 
speed, accuracy, and simplicity.  
 
Many published work focused on the synthesis of micron-size polymer matrix 
containing magnetic particles and its application in the separation of protein with the 
aid of specific ligand coating the surface of the particles (Suzuki et al., 1995b; Khng et 
al., 1998). Only limited work has been published on the application of nano-sized 
magnetic particles in separation of proteins. Nano-sized magnetic particles can produce 
larger specific surface area and therefore, may result in a high adsorption capacity for 
proteins. Therefore, it may be useful to synthesize nano-sized magnetic particles with 





Water-soluble carbodiimide is used to immobilize protein on carboxyl-terminated 
polymer. Carbodiimide was used for the immobilization of lysozyme on polymer 
(Chen and Chen, 1997), while some work utilized carbodiimide to conjugate BSA on a 
polymer matrix (Dilgimen et al., 2001). Recently, carbodiimide was also used to 
activate the direct adsorption of BSA and alkaline phosphatase (Mehta et al., 1997; 
Koneracka et al., 1999) on magnetic particles. Some researchers studied the separation 
of protein using sub micron-sized magnetic particles without ligand and suggested that 
hydrogen-bonding, hydrophobic interaction and electrostatic repulsion may also 
promote the adsorption (Yoon et al., 1998b). Some work used nano-sized (50 or 100 
nm) magnetic particles coated with ionically susceptible ligand in bioseparation 
(Bergemann et al., 1999).  
 
Desorption of protein from magnetic particles had been studied either by acid or 
alkaline washing. 0.01 M HCl solution was used to desorp lysozme from magnetic 
chitin (Safarik and Safarikova, 1993). An acetic acid solution containing salt was 
found more efficient than HCl or Glycine-HCl for the desorption of trypsin from 
magnetic particles (Khng et al., 1998). Some researchers used alkaline conditions (pH 
10-13) for the desorption of recombinant E. coli from chitosan-conjugated magnetite 
(Honda et al., 1999). Some work mentioned that the desorption of BSA from cross-
linked chitosan could be done by an alkaline buffer solution (Yoshida and Kataoka, 
1989).   
 
Although there were some previous work carried out on protein adsorption/desorption 
on large sized magnetic particles, not much work have been published on protein 
adsorption/desorption on nano-sized magnetic particles. In this work, the equilibrium 
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and kinetics of BSA adsorption on nano-sized magnetic particles were studied. The 
effect of carbodiimide, pH and salt concentrations on adsorption was investigated in 
details. Desorption of BSA was also studied. Evaluation of conformational change of 
BSA in adsorption/desorption process was carried out. 
 
4.2 Results and Discussion 
4.2.1 Characterization of Magnetic Particles 
Size and morphology of magnetic particles were characterized by TEM. A typical 
TEM micrograph of magnetic particles is shown in Figure 4-1. It shows that the size of 
magnetic particles is about 10nm, which is comparable to the reported value 8.5 nm 
(Khng et al., 1998). It is known that the magnetic particles less than about 30 nm will 
exhibit superparamagnetism (O'Brien et al., 1996). Therefore, the prepared magnetic 
particles (Fe3O4) have superparamagnetic properties and are expected to respond well 
to magnetic field without any permanent magnetization.  
 
The superparamagnetic properties of the magnetic particles were also verified by the 
magnetization curve measured by VSM. A typical plot of magnetization versus applied 
magnetic field (M-H loop) at 393 K is shown in Figure 4-2. The magnetization curve 
exhibits zero remanence and coercivity, and follows Langevin function (Chantrell et al., 
1978), which proves that the magnetic particles demonate the superparamagnetic 
properties. The saturation magnetization of the obtained Fe3O4 magnetic particles is 76 
emu/g Fe3O4, which is comparable to the reported magnetization 92 emu/g of bulk 
Fe3O4 (Zaitsev et al., 1999). This large saturation magnetization of magnetic particles 
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makes them very susceptible to magnetic field, and therefore makes the separation of 
solid and liquid phases easy. 
 
 


















Figure  4-2 Magnetization curve of Fe3O4 magnetic particle at 393 K 
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4.2.2 Adsorption of BSA on Magnetic Particles 
Adsorption of BSA on nano-sized magnetic particles at different pH and salt 
concentrations in the presence of carbodiimide was carried out. As a catalyst, 
carbodiimide is used to first activate a carboxyl group in one molecule and 
subsequently links to a free amino group in another molecule to form a peptide bond. 
Carbodiimide is used to bind protein directly on magnetic particles. It is proposed that 
either OH- (Mehta et al., 1997) or NH2 group (Chen and Liao, 2002) on the surface of 
the magnetic particles are responsible for protein adsorption via carbodiimide. In the 
following sections, adsorption equilibrium, adsorption kinetics, FTIR and XPS 
spectrum analysis of BSA adsorption were studied. 
 























Equilibrium BSA concentration 









Figure  4-3 BSA adsorption equilibrium isotherm at different pH 
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4.2.2.1 Adsorption at different pH  
The effect of pH on BSA adsorption on magnetic particles is shown in Figure 4-3. The 
pH was changed from 3.36 (below the pI of BSA) to 4.64 (very close to the pI of BSA, 
4.7), and finally to 9.07 (above the pI of BSA). It shows that pH has a significant effect 
on the adsorption of BSA on magnetic particle. With the increase of pH from 4.64 to 
9.07, the amount of adsorbed BSA on magnetic particles decreased significantly. The 
maximum adsorption of BSA occurred at pH 4.64, which is close to isoelectric point of 
BSA, pI=4.7 (Chun and Stroeve, 2002; Lee et al., 2002). When pH decreased from 





















Figure  4-4 Zeta potential of Fe3O4 (20mg/100ml) in 10-3 M NaNO3 at different pH 
with/without carbodiimide (carbodiimide concentration 0.2 mg/ml) 
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The possible explanation for the observed pH effect on adsorption may be related to 
the surface charge of both the magnetic particles and BSA. The measured zeta 
potentials of magnetic particles in suspension at different pH are shown in Figure 4-4. 
Results show that the isoelectric point of magnetic particles is about 6.8. This value 
agrees well with the literature value pI=6.5 (Iwasaki et al., 1962). Magnetic particles 
have positive charge below pI and negative charge above pI. The values of zeta 
potential of magnetic particles are 50 mV at pH 3 and –46 mV at pH 11, respectively. 
The large value of zeta potential may greatly affect the adsorption of BSA. Figure 4-4 
also shows that the presence of carbodiimide does not have a significant effect on the 
zeta potential of magnetic particle. 
 
BSA is an amphiphilic protein due to the presence of NH2 and COOH group in its 
molecular structure. It shows a different net charge in different pH media. The 
isoelectric point of bovine serum albumin is pI=4.7. It indicates that BSA has positive 
charge below pI 4.7 and negative charge above pI 4.7. It was reported that the net 
charge of BSA at pH 7 was –18 mV (Peters, 1985).  
 
Figure 4-5 shows a schematic illustration of electrostatic interaction between magnetic 
particles and BSA at different pH medium. It can be divided into several regions: (I) 
less than pH 4.7, (II) pH 4.7, (III) pH 4.7 –6.8, and (IV) greater than pH 6.8. In region 
(I), the electrostatic effect is large due to both magnetic particles and BSA have 
positive charge, and therefore, the electrostatic repulsion does not favor the adsorption 
of BSA on magnetic particles. Similarly, in region (IV), both magnetic particles and 
BSA have negative charge, resulting in the decrease of adsorption of BSA on magnetic 
particles. Some work reported the existence of electrostatic repulsions between 
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negatively charge microsphere and BSA (negative charge) at pH 7 (Yoon et al., 
1998b). In region (III), it shows that electrostatic interaction is one of the driving 
forces for the adsorption of BSA on the surface of magnetic particles. In this region, 
BSA has negative charge while magnetic particles have positive charge, which can 
promote the adsorption of BSA on magnetic particles. But in this region, the net 
difference of surface charges of BSA and magnetic particles is comparatively small, 





























Figure  4-5 Schematic illustration of zeta potential and electrostatic interaction between 
magnetic particle and BSA at different pH 
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In region (II) at pH of 4.7, the isoelectric point of BSA, magnetic particles have 
positive charge while BSA shows zero net surface charge. Peters (Peters, 1985) 
pointed out that BSA has several isomeric forms at different pH media and 
correspondingly has different α-helix content, with maximum α-helix content at its 
isoelectric point. This means that BSA molecules are in most compact states and result 
in the minimum intermolecular repulsion, which refers to the higher adsorption amount. 
Some researcher also found that at isoelectric point pI 4.7, BSA underwent the 
minimum conformational change and therefore the adsorption of BSA on glass powder 
coated with PVA reached maximum (Bajpai, 2000). Some researchers also suggested 
that at the isoelectric point of protein, electrostatic repulsion between the protein and 
the membrane surface were minimized and subsequently resulted in the larger flux 
than those at other pH values (Chun and Stroeve, 2002). In our cases, the experimental 
results also show that the maximum adsorption of BSA on magnetic particles occurred 
at pI 4.7. These results confirmed the previous suggestion. 
 
4.2.2.2 Adsorption at different salt concentration 
The effect of NaCl concentration on the adsorption of BSA for two different feed 
concentrations (0.413 and 1.202 mg/ml) was studied at pH 7.11. The results are shown 
in Figure 4-6. 
 
Results show that when NaCl concentration was increased from 0 to 0.5 M, there was 
no significant change on BSA adsorption for 0.413 mg/ml feed solution and in case of 
1.202 mg/ml feed solution, there is a slight increase, about 3%, in adsorption. However, 
when NaCl concentration was increased to 1.5 M, significant change in adsorption was 
observed, 20% decrease in case of 0.413 mg/ml feed and 34% for 1.202 mg/ml feed. 
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Some researchers proposed that high concentration of NaCl ions could cover the 
particle surface and form an ion shield, which can decrease the diffusivity of proteins 
and enlarge the absorbed proteins molecules, and therefore reduce the protein 































Figure  4-6 Effect of salt (NaCl) concentrations on BSA adsorption at pH 7.11 for two 
feed concentrations (0.413 and 1.202 mg/ml) 
 
4.2.2.3 Adsorption Equilibrium  
Adsorption equilibrium of BSA was studied at different pH and the results are shown 
in Figure 4-3. Langmuir model is used to fit the experimental data. The Langmuir 







+=                                                              (4-1) 
Where, C* (mg/ml) and Q (mg/g solid) are BSA concentration in the aqueous solution 
and the absorbed BSA on the solid at equilibrium, respectively. Qm is the maximum 
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adsorption amount, and Ka (ml/mg) is the adsorption constant. The experimental data 
are fitted to Langmuir model through non-linear regression analysis. The fitted 
parameters of the model are summarized in Table 4-1.  High R2 values indicate that the 
Langmuir model predicts well the adsorption behavior over a wide range of pH. 
 
Table  4-1 Langmuir model parameters for BSA adsorption isotherm on magnetic 
particles at different pH 
pH 3.36 4.64 5.19 6.15 7.25 8.11 9.07 
Qm (mg/g solid) 245.8 418.9 322.1 307.8 296.0 251.9 113.2 
Ka (ml/mg) 16.2 53.1 41.4 28.2 14.6 11.4 4.69 
R2 0.98 0.95 0.99 0.97 0.98 0.97 0.99 
 
4.2.2.4 Characterization of Adsorption of BSA 
FTIR and XPS spectrums of BSA, Fe3O4, and BSA adsorbed Fe3O4 are analyzed to 
show the BSA adsorption on magnetic particles. 
 
The FTIR results are shown in Figure 4-7. Spectrum (a) indicates that the characteristic 
bands of BSA occur at 1648 cm-1 and 1540 cm-1. Similar values were reported by 
previous work (Mehta et al., 1997; Chen and Liao, 2002). Spectrum (c) shows the 
characteristic band of Fe3O4 at 600 cm-1. After adsorption of BSA on magnetic 
particles, spectrum (b) shows both characteristic bands of BSA at 1648 cm-1 and 1540 
cm-1 and characteristic bands of Fe3O4 at 600 cm-1. It indicates that BSA was 
successfully attached to the surface of magnetic particles. Comparing spectrum (a), (b) 
and (c), it is found that chemical interaction between Fe3O4 and BSA is not significant, 
since little shift of the IR band due to the binding is observed. 
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Figure  4-7 FTIR spectra of (a) BSA, (b) BSA attached magnetic particles, (c) magnetic 
particles, and (d) magnetic particles after desorption of BSA 





















Figure 4-8 shows the XPS wide scan spectrum of BSA, magnetic particles, and BSA 
attached on magnetic particles. Spectrum (a) shows the Fe2p peak of magnetic 
particles at about 710.3 eV. BSA contains N element, which show the N1s peak at 
about 399.6 eV in spectrum (c). After BSA adsorption on magnetic particles, spectrum 
(b) shows both the N1s peak at about 399.6 eV and Fe2p peak at about 710.3 eV. 
Therefore, XPS analysis of the surface composition confirmed the adsorption of BSA 
on magnetic particles. The XPS results agree well with that of FTIR. 
 
4.2.2.5 Adsorption Kinetics 
Study on the adsorption kinetics of BSA on magnetic particles was carried out at pH 
4.64 at two different feed concentrations (0.413 mg/ml and 1.202 mg/ml), and the 
results are shown in Figure 4-9. A linear driving force mass transfer model is used to 





L −=−                                                            (4-2) 
 
Where, KLa (min-1) is the overall mass transfer coefficient, C (mg/ml) is the 
concentration of BSA in solution at time t, and C* (mg/ml) is the equilibrium 
concentration. 
 









dC                                                      (4-3) 
 




SQCVVC +=0                                                                 (4-4) 
 
Where, C0 (mg/ml) is the initial concentration of BSA, V (ml) is the volume of the 
feed mixture, and  S (g) is the total quantity of the solid. 
 
























                                          (4-5) 
 
Eq. (4-5) is integrated numerically using Polymath 4, a standard routine for solving 
non-linear ordinary differential equation. The fitted curve and the experimental data 
are compared in Figure 4-9. It is found that the experimental results are fitted well with 
















Figure  4-9 Adsorption kinetics of BSA on magnetic particles at pH 4.64 for two feed 
concentrations (0.413 and 1.202 mg/ml), solid line is fitting curve 
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4.2.2.6 Effect of Carbodiimide on Adsorption 
The adsorption experiments were carried out with or without carbodiimide. Typical 
adsorption results of BSA on nano-sized magnetic particles at pH 4.64 are shown in 
Figure 4-10. To check the reproducibility, experiments were repeated three times. The 
maximum deviation was within 5% and it is shown as error bars in the figure. Results 
indicate that carbodiimide can increase some adsorption amount of BSA on magnetic 
particles. It is believed that when carbodiimide is used, it activates BSA molecule to 
binding on the surface of magnetic particles (Koneracka et al., 1999), and hence this 
contributes to an increase in adsorbed BSA amount. 
 
























4.2.3 Desorption of BSA 
The desorption of BSA from magnetic particles was carried out under alkaline 
condition either by 0.01 M NaOH (pH12.37) or 0.5 M Na2HPO4 (pH 9.35). The 
adsorbed and desorbed quantities of BSA for feed concentration of 0.413 mg/ml are 
shown in Table 4-2. It can be seen that more than 90% desorption of BSA by 0.5 M 
Na2HPO4 can be achieved when adsorption was carried out with or without 
carbodiimide. Similar desorption efficiency can also be achieved using NaOH solution 
when adsorption was carried out in presence of carbodiimide.  However, the 
desorption efficiency by NaOH is very low (below 30%) when the adsorption was 
carried out without carbodiimide.  
 
Table  4-2 Desorption results of BSA from magnetic particles (feed BSA 0.4128 
mg/ml) 
Adsorption Desorption  
agent 
Adsorbed BSA,  
(mg/m2) 




NaOH 134.6 125.6 93.4 With 
Carbodiimide Na2HPO4 135.6 126.1 92.9 
NaOH 129.6 38.0 29.3 Without 
Carbodiimide Na2HPO4 129.5 118.7 91.6 
 
 
SDS-PAGE electrophoresis experiment was carried out for BSA in three different 
samples, feed solution, supernatants after adsorption and desorption experiments. The 
results are shown in Figure 4-11. It is found that feed and supernatant from desorption 
experiment contain BSA bands in SDS-PAGE gel. Whereas, the raffinate from the 
adsorption experiment does not contain any detectable BSA. This confirms the 
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adsorption and subsequent desorption of BSA on magnetic particles. Some extrabands 
were observed for the desorbed supernatant sample compared to the BSA feed 
solutions. This could be the protein complexes formed by BSA molecules, which are 
activated by carbodiimide used in adsorption process. But compared to the bulk band 
of BSA, it could be neglected. 
 
 
Figure  4-11 SDS-PAGE electrophoresis gel stained by Coomassie Blue (lane 1: 0.413 
mg/ml BSA feed solution; lane 2: supernatant after adsorption experiment; lane 3: 
supernatant after desorption experiment). Each lane was loaded with 20 µl sample 
 
The FTIR spectrum of magnetic particles after desorption is shown in Figure 4-7. It 
shows the characteristic band of Fe3O4 at 600 cm-1. But the absence of BSA 




4.2.4 Conformational Changes of BSA in Adsorption/Desorption 
Conformational change of BSA in the process of adsorption/desorption on nano-sized 
magnetic particles was studied by UV-scanning spectra, CD spectra, fluorescence 
emission spectra and DSC. 
4.2.4.1 UV-Spectrum Measurement 
















A  Native BSA at pH 9.30
B  Native BSA at pH 12.37
C  carbodiimide-NaOH
D  carbodiimide-Na2HPO4
E  no carbodiimide-NaOH






Figure  4-12 UV-scanning spectra of native BSA (pH 9.30 and pH 12.37) and desorbed 
BSA by Na2HPO4 (pH 9.35) and NaOH (pH 12.37) from nano-sized magnetic particles 
(native BSA 0.413 mg/ml) 
Figure 4-12 compares the UV-scan spectra of native BSA (pH 9.30 and pH 12.37) and 
those of desorbed BSA under different adsorption and desorption conditions. It shows 
that native BSA (pH 9.30) has a peak at 280 nm. No apparent peak shift has occurred 
when BSA is desorbed by Na2HPO4 for both cases of adsorption, with and without the 
presence of carbodiimide. Whereas, + 5 nm peak shift is observed for native BSA (pH 
12.37) and desorbed BSA by NaOH solution for both the adsorption cases. These 
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results indicate possible structural change of BSA resulted by NaOH solution. It was 
also noticed that when NaOH was used for BSA desorption, the supernatant became 
dark brown colored and it took longer settling time to get a clear supernatant. Thus, the 
results show that Na2HPO4 is more effective as desorbing agent than NaOH. Na2HPO4 
has also been found to be an effective desorbing agent for BSA adsorbed on titanium 
powder (Wassell and Embery, 1996). A 0.36 M Na2HPO4 solution was able to desorb 
almost 100% of the adsorbed BSA. 
 
4.2.4.2 CD-spectrum Measurements 
The CD spectra of the native BSA (pH 9.30 and pH 12.37), and desorbed BSA either 
by NaOH or Na2HPO4 solution are shown in Figure 4-13.  



























A  Native BSA (pH 9.30)
B  Native BSA (pH 12.37)
C  Carbodiimide-Na2HPO4
D  Carbodiimide-NaOH
E  No carbodiimide-Na2HPO4
F  No carbodiimide-NaOH
 
Figure  4-13 Comparison of CD spectra of native BSA (pH 9.30 and pH 12.37), and 




The native BSA (pH 9.30) has two extreme valleys at 208 nm and 222 nm. The 
desorbed BSA by Na2HPO4 also has two extreme valleys at 208 nm and 222 nm, 
which show insignificant difference from the native BSA (pH 9.30). This indicates that 
the desorbed BSA by Na2HPO4 keeps most of its original structure, which is in 
agreement with the results of UV-scan spectrum. On the other hand, both the native 
BSA (pH 12.37) and the desorbed BSA by NaOH show a spectrum that is very 
different from the native one at pH 9.30. No valley is observed by at 208 nm. This 
means that NaOH greatly changes the BSA conformation. The conformation of 
adsorbed BSA could not be measured by CD due to the magnetic particles suspension 
has dark brown color. However, some researchers have managed to measure directly 
the conformation of the adsorbed protein on ultrafine silica particles based on the fact 
that the intensity of light scattering by these ultrafine particles was negligible (Kondo 
et al., 1991; Norde and Giacomelli, 2000; Giacomelli and Norde, 2001). 
 
Protein is organized with different level of structures, such as primary, secondary, 
tertiary and quaternary structures. The primary structure is the chemical structure of 
the polypeptide chain or chains in a given protein - i.e., the number and sequence of 
amino acid residues linked together by peptide bonds. The secondary structure is any 
such folding which is brought about by linking the carbonyl and amide groups of the 
backbone together by means of hydrogen bonds. There are three common secondary 
structures in proteins, namely α-helices, β-sheets, and turns. Those that cannot be 
classified as one of the standard three classes is usually grouped into a category called 
"random coil". Since α-helices is one of the elements of secondary structure, the 
quantitative analysis of the structural change of BSA can be evaluated by the content 
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of α-helix preserved. The α-helix content of proteins is estimated according to the 
following equation:  




−mrdθ                                               (4-6) 
where, θmrd is the mean molar ellipticity per residue at 208 nm (deg cm2/dmol). 
Usually the raw data from the experiment is expressed in terms of Td (the ellipticity in 
the unit of mdeg). However, it can be converted to mean molar ellipticity per residue, 





θθ =                                                      (4-7) 
 
where, M is the BSA molecular weight (Dalton), C is the BSA concentration (mg/ml), 
L is the sample cell path length (cm), and Nr is the number of amino residue. Bovine 
serum albumin (BSA) is an ellipsoidal protein with the dimensions of 14×4×4 nm. It 
consists of 582 amino acid residues and has a molecular weight of 66,700 Daltons 
(Peters, 1985). The estimated percentages of α-helix contents from circular dichroism 
spectrum are listed in Table 4-3. 
 
As shown in Table 4-3, the native BSA at pH 9.35 has 42% α-helix, which is close to 
the literature value of 48% between pH 8-10 (Peters, 1985). For desorbed BSA by 
Na2HPO4 solution, the α-helix contents (39% with carbodiimide and 40% without 
carbodiimide) are very close to that of the native BSA. The use of carbodiimide during 
adsorption does not have significant effect on α-helix preservation in the desorbed 
BSA. However, when BSA is desorbed by NaOH solution, the α-helix contents are 
quite low, only 20% when carbodiimide is used during adsorption and only 11% when 
no carbodiimide is used for adsorption. The results show that the use of proper 
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desorption environment, Na2HPO4 for the present case, can minimize the structural 
change in BSA. 
 












Na2HPO4, pH 9.35 
Desorbed by 











4.2.4.3 Fluorescence Measurements 
Intrinsic fluorescence is also used to assess the structural change of BSA during 
adsorption/desorption process. The emission spectra of native BSA (pH 9.30 and pH 
12.37) and desorbed BSA from magnetic particles by NaOH or Na2HPO4 are depicted 
in Figure 4-14. In BSA, there is tryptophan (Trp) residue, which is one of the three 
naturally occurring aromatic amino acid residues fluorescing when excited with UV 
light. When a BSA molecule undergoes the conformation change, the Trp residue is 
exposed to the environment and therefore affects the fluorescence. From Figure 4-14, 
it is clear that the spectrum of the BSA desorbed by Na2HPO4 shows maximum 
intrinsic fluorescence intensity at 342 nm, which is the same for native BSA (pH 9.30). 
Since the desorbed BSA kept about 90% intensity of native BSA, and there is no 
apparent peak position shift in emission curve, it suggests that the desorbed BSA by 
Na2HPO4 could recover its original local structure. However, the native BSA (pH 
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12.37) and the desorbed BSA by NaOH has + 10 nm band shift and lower fluorescence 
intensity compared to the native BSA (pH 9.30). 
 



























A  Native BSA (pH9.30)
B  Native BSA (pH12.37)
C  Carbodiimide-Na2HPO4
D  No Carbodiimide-Na2HPO4
E  Carbodiimide-NaOH
F  No Carbodiimide-NaOH
 
Figure  4-14 Fluorescence emission spectra of native BSA (pH 9.30 and pH 12.37) and 
desorbed BSA by Na2HPO4 (pH 9.35) and NaOH (pH 12.37) from nano-sized 
magnetic particles 
4.2.4.4 DSC Measurements 
Due to the resulting light scattering and dark brown color by the magnetic particles, it 
is not suitable to use circular dichroism and fluorescence to measure the conformation 
change of BSA at the adsorbed state. Therefore DSC measurement is the only method 
to characterize the adsorbed protein on magnetic particles. Figure 4-15 shows the 
thermograms of native BSA (pH 9.30), adsorbed BSA without the presence of 
carbodiimide and desorbed BSA by Na2HPO4. The calculated DSC parameters Td and 











A  Native BSA
B  Desorbed BSA by Na2HPO4





Figure  4-15 Differential scanning calorimetry (DSC) thermograms of native BSA (pH 
9.30), adsorbed BSA (without carbodiimide) and desorbed BSA by Na2HPO4 (pH 
9.35) from nano-sized magnetic particles 
 
Table  4-4 DSC results of BSA before adsorption, in the adsorbed state and after 
desorption by Na2HPO4 
 Td, oC ∆dH, J/g 
Native BSA 66 12.9 
Adsorbed BSA No thermal transition 





It shows that the native BSA has a denaturation temperature at 66oC. The desorbed 
BSA by Na2HPO4 also shows the same denaturation temperature. The temperature of 
the thermal transition is related to the stability of protein and the enthalpy is related to 
the intramolecular interactions in protein. Both BSA before adsorption and after 
desorption show the same denaturation temperature of 66oC, it proves that the 
desorbed BSA by Na2HPO4 has the same stability as of the native one. However, no 
obvious thermal transition is observed for the adsorbed BSA. Previously, it used to be 
believed that this apparent loss of thermal transition indicates loss of native structure. 
However, recent work shows that at adsorbed condition, proteins lose thermal 
transition but retains large degree of structure (Vermonden et al., 2001). The structure 
of protein in the adsorbed state is different from the native form, but it is not denatured 
and referred as perturbed state. 
 
It is known that the thermally induced process detectable by DSC is related to the 
protein denaturation or unfolding. It could be described by two-state model as: 
 
N(native) ⇔   U(unfolded or denatured) ⇔   A(aggregated) 
 
The transition of protein from a native to a denatured conformation is accompanied by 
the rupture of inter- and intra-molecular bonds. Denaturation of protein is affected by 
many parameters such temperature, pH, ionic strength, and even source and purity of 
protein (Wang, 1999). Some previous work reported that the denaturation temperature 
of BSA at pH 7.0 was 57oC (Norde and Giacomelli, 2000). Some researchers found the 





4.2.4.5 Effect of BSA Structure on Adsorption Behavior 
Effect of BSA conformation on its adsorption behavior on magnetic particles is 
investigated by conducting adsorption experiments under different pH environment. 



























Figure  4-16 pH dependence of adsorption of BSA on magnetic particles, feed BSA 
0.81 mg/ml 
It is found that for both cases of adsorption, with and without carbodiimide, maximum 
adsorption occurs near the isoelectric point (pI=4.7) and decrease with either the 
increase or decrease of pH from 4.7. The decrease in adsorption is sharp in acidic 
range (pH<4.7) and comparatively slow in less acidic or alkaline range (pH>4.7). 
Similar results were found in previous work (Giacomelli et al., 1997). They explained 
the adsorption behavior by BSA conformation change and electrostatic interaction. 
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Greater intermolecular repulsion and larger conformation change occurs in more acidic 
range. 
 
Previous work reported that BSA has several isomeric forms at different pH media and 
correspondingly has different α-helix content as shown in the following :  
 
  E <-------> F <-------> N <-------> B <-------> A  
 
pH of transition:     2.7         4.3      8    10 
Name:     Expanded  Fast      Normal   Basic     Aged 
%Helix:               35   45        55     48      48 
 
The highest α-helix content occurs between pH 4.3-8 (normal form), with a larger 
decrease in the media less than pH 4.3 and smaller decrease in the media greater than 
pH 8. Some work reported that BSA in normal form has the most compact state 
(Vermonden et al., 2001). Since BSA isoelectric point (pI 4.7) is between the pH 4.3-8, 
it agrees with the fact that BSA will undergo the minimum conformation change at its 
isoelectric point (pI 4.7) and therefore it results the highest adsorption at BSA 
isoelectric point. This is confirmed by the adsorption results at different pH in the 
present study. Similar adsorption results were also found for several proteins 
adsorption on silica particles (Kondo et al., 1991). 
4.3 Conclusions 
Nano-sized magnetic particles Fe3O4 were prepared by chemical precipitation method 
and characterized by TEM and VSM for size and superparamagnetic properties. 
Adsorption of BSA on magnetic particles was carried out with/without presence of 
carbodiimide under different pH and salt concentrations. It has been found that pH has 
great effect on BSA adsorption while the effect of salt at lower concentration range 
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was comparatively insignificant. The maximum adsorption of BSA on magnetic 
particles occurred at the isoelectric point of BSA. Experimental results found that 
carbodiimide can increase the adsorption amount of BSA on magnetic particles. The 
adsorption equilibrium results are fitted well by Langmuir model while a linear driving 
force mass transfer model is used for fitting kinetic data. FTIR and XPS spectrums are 
used to confirm the attachment of BSA on the magnetic particles. Desorption of BSA 
was carried out under alkaline condition, which was confirmed by SDS-PAGE 
electrophoresis and FTIR results. More than 90% desorption efficiency was achieved. 
Na2HPO4 is a better desorbing agent compared to NaOH for BSA/magnetic particle 
system. Conformational changes of BSA during adsorption and desorption were 
studied. As a soft protein, the adsorbed BSA on magnetic particles shows no thermal 
transition. The desorbed BSA by Na2HPO4 preserves most of its original structure 
compared to native one at pH 9.30. For BSA/magnetic particle system, adsorption at 
isoelectric point and desorption by Na2HPO4 maximize the adsorption and minimize 





Chapter 5 Extraction of Lysozyme (LSZ) by Magnetic 
Particles 
5.1 Introduction 
In chapter 4, extraction of BSA, a larger size, ‘soft’ protein with pI of 4.7, by magnetic 
particles was carried out. Adsorption/desorption of BSA on magnetic particles and its 
conformational changes were studied in detail. In this chapter, magnetic particles were 
further used for the extraction of another protein-LSZ, which is a smaller size, ‘hard’ 
protein with pI of 11.1. There are two basic considerations about this part work, i.e. 1) 
can the application of magnetic particles be extended to other types of protein and 
gives some common characteristics for the different separation processes, and 2) 
further confirm and identify effectiveness of the magnetic separation method by using 
another special protein-enzyme. 
 
It is known that the driving forces for the adsorption of proteins on magnetic particles 
are hydrophobic, electrostatic and ligand binding interaction (Tong et al., 2001; 
Vermonden et al., 2001; De Cuyper et al., 2002). Temperature, pH and presence of salt 
can affect the adsorption of the biomolecules on magnetic particles (Tong et al., 2001; 
Liao and Chen, 2002a). Some previous work utilizing α-Fe2O3 particles, showed that 
lysozyme and α-lactalbumin adsorption is mainly regulated by electrostatic 
interactions (Haynes and Norde, 1995). Compared to α-Fe2O3 particles, nano-sized 
magnetic particles (e.g. Fe3O4), with higher saturation magnetism, larger specific 
surface area and easy manipulation of surface modification, are the most commonly 
used carriers for the extraction of biologically active compounds. Some previous work 
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already used magnetic particles (Fe3O4) coated with polyacrylic acid (PAA) to adsorb 
lysozyme based on ion exchange interactions (Liao and Chen, 2002a). Desorption of 
protein from magnetic particles could be achieved by using a high concentration of 
salts (Liao and Chen, 2002a), changing pH (Tong et al., 2001), and adding morpholine 
(Norde and Favier, 1992). It is known that proteins will undergo conformational 
changes during the process of adsorption on particles (Kondo et al., 1991; Haynes and 
Norde, 1995), while desorption agents such as high concentration of salts and different 
pH will also affect the conformational changes of protein. The structural changes of 
proteins may result in a change of their bioactivities. Besides the stringent purity 
consideration, evaluation of the biologically activities of the obtained products by 
magnetic separation are, therefore, important and necessary. However, only limited 
work has been carried out on the effects of adsorption and desorption conditions on the 
conformational changes and activity loss of enzyme during the extraction process by 
magnetic particles.  
 
In the present work, nano-sized magnetic particles (Fe3O4), in absence of any coated 
intermediates at the surface of the particles, were used to adsorb enzyme based on 
electrostatic interactions. Since carbodiimide only increase a limited adsorption 
amount of BSA on magnetic particles, it is not used in this part of work. The 
adsorption was carried out at different pH, and was characterized by X-ray diffraction 
(XRD) and fourier transform infrared spectroscopy (FTIR). Different desorbents such 
as NaH2PO4 and NaSCN were used to desorb lysozyme from the surfaces of magnetic 
particles. The conformational changes of lysozyme during the process of adsorption 
and desorption were studied by circular dichroism (CD), fluorescence and differential 




5.2 Results and Discussion 
5.2.1 Adsorption of LSZ on Magnetic Particles 
5.2.1.1 Adsorption Equilibrium 
Adsorption equilibrium of lysozyme was studied at different pH and the results are 
shown in Figure 5-1 (with error bars within 5%). It indicates that pH has a significant 
effect on the adsorption of lysozyme on magnetic particle. The maximum adsorption of 
lysozyme occurred at pH 10.98, which is close to isoelectric point of lysozyme 
(pI=11.1). Similar phenomenon was observed in published work on lysozyme 
adsorption on AgI particles and poly(styrenesulphonate) lattices (Galisteo and Norde, 
1995a; Galisteo and Norde, 1995b). Since no ligand, polymer or surfactant was coated 
on magnetic particles, the main driving force for the adsorption of lysozyme is 
believed to be the electrostatic interactions between lysozyme molecules and magnetic 
particles. The maximum amount of lysozyme adsorbed on the uncoated magnetic 
particles in the present work was 502 mg/g solid (4.65 mg/m2) at pH of 10.98.  This is 
higher compared to the reported values in the literature (224 mg/g solid by (Liao and 
Chen, 2002a), 71 mg/g wet by (Tong et al., 2001)) and comparable to the adsorbed 
lysozyme amount of about 5.5 mg/m2 on poly(styrenesulphonate) latex near 
lysozyme’s isoelectric point (Galisteo and Norde, 1995a).  
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Figure  5-1 Lysozyme adsorption equilibrium on magnetic particles at different pH 
5.2.1.2 Characterization of Adsorption of LSZ 
Figure 5-2 shows the XRD patterns of magnetic particles with and without the 
adsorbed lysozyme. For magnetic particles (Fe3O4), the six characteristic peaks occur 
at 2θ of 30.1, 35.5, 43.1, 53.4, 57.0 and 62.6, which are marked by their corresponding 
indices (220), (311), (400), (422), (511) and (440), respectively. This reveals that the 
prepared magnetic particles are pure Fe3O4 with a spinel structure. For magnetic 
particles with adsorbed lysozyme, the same six characteristic peaks were observed. 
This indicates that the adsorption of lysozyme doesn’t result in the phase change of 
magnetic particles. Therefore, magnetic particles could preserve its magnetic 
























Figure  5-2 XRD patterns of (A) magnetic particles (Fe3O4), and (B) magnetic particles 
with adsorbed lysozyme 
 
FTIR was used to characterize the adsorption of lysozyme on magnetic particle. The 
FTIR spectrums are shown in Figure 5-3. Spectrum (a) indicates that the characteristic 
bands of lysozyme occur at 1694 cm-1 and 1558 cm-1 (Perez and Griebenow, 2000). 
Spectrum (c) shows the characteristic band of Fe3O4 occurs at 600 cm-1 (Lee et al., 
1996). After adsorption of lysozyme on magnetic particles, spectrum (b) shows both 
characteristic bands of lysozyme at 1694 cm-1 and 1558 cm-1 and characteristic bands 
of Fe3O4 at 600 cm-1. It indicates that lysozyme was successfully attached to the 
surface of magnetic particles. Comparing spectrum (a), (b) and (c), it is found that 
chemical interaction between Fe3O4 and lysozyme is not significant, since no 

























Figure  5-3 FTIR spectra of (a) lysozyme, (b) lysozyme attached magnetic particles, 
and (c) magnetic particles 
 
5.2.2 Desorption of LSZ 
Desorption of lysozyme from magnetic particles was carried out separately by 
NaH2PO4  (pH = 4.0) and NaSCN (pH = 6.0). The adsorbed and desorbed quantities of 
lysozyme at equilibrium for feed concentration 0.6 mg/ml are shown in Table 5-1. 
About 90% desorption by NaH2PO4 and about 97% desorption by NaSCN were 
obtained. NaSCN is found to be a slightly stronger desorption agent compared to 
NaH2PO4. 100% desorption of lysozyme from magnetic particles coated with 
polyacrylic acid (PAA) could be obtained when the concentration of NaSCN was 






Table  5-1 Desorption of lysozyme from magnetic particles (adsorption at pH 10.98) 
  Desorbed by NaH2PO4 
(pH=4.0) 
Desorbed by NaSCN 
(pH=6.0) 


















0.6 201.9±0.1 181.4±0.3 90.0±3.0 196.5±0.2 97.0±2.0 
 
 
5.2.3 Evaluation of LSZ 
To validate the effectiveness of magnetic separation, the conformational change and 
enzymatic activity of lysozyme during the process of adsorption/desorption were 
measured and compared by using UV-spectrometer, CD, fluorescence and DSC. 
 
5.2.3.1 UV-spectrum Measurements 
Figure 5-4 compares the UV-scan spectra of native lysozyme (pH 4.0 and pH 6.0) and 
those of desorbed lysozyme by the two different desorbing agents. It shows that the 
UV-spectrums of native lysozyme at pH 4.0 and pH 6.0 are almost the same, with a 
peak at 280 nm. The desorbed lysozyme, either by NaSCN or by NaH2PO4, also shows 
a peak at 280 nm, indicating no apparent peak shift compared to native one. 
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A  Native lysozyme (pH 4.0)
B  Native lysozyme (pH 6.0)
C  Desorbed by NaH2PO4
D  Desorbed by NaSCN
 
Figure  5-4 UV-scanning spectra of native lysozyme (pH 4.0 and pH 6.0) and desorbed 
lysozyme by NaH2PO4 and NaSCN 























A  Native lysozyme (pH 4.0)
B  Native lysozyme (pH 6.0)
















D  Desorbed by NaSCN
E  1.5 M NaSCN
 
Figure  5-5 Comparison of CD spectra of native lysozyme (pH 4.0 and pH 6.0), and 




5.2.3.2 CD-spectrum Measurements 
The CD spectra of the native lysozyme (pH 4.0 and pH 6.0), and desorbed lysozyme 
either by NaSCN or NaH2PO4 solution are shown in Figure 5-5. The native lysozyme 
(pH 4.0 and pH 6.0) has two extreme valleys at 208 nm and 222 nm. For the desorbed 
lysozyme by NaH2PO4, it also has two extreme valleys at 208 nm and 222 nm, which 
shows insignificant difference from the native lysozyme. This indicates that the 
desorbed lysozyme by NaH2PO4 kept most of its original structure, which is in 
agreement with the results of UV-scan spectrum. However, for both NaSCN solution 
and the desorbed lysozyme by NaSCN, their CD spectrums are disordered. Since 
NaSCN itself has strong absorbance at around the range of 200-260 nm with water as 
reference, it may affect the CD measurements of lysozyme. Therefore, the 
conformational change of desorbed enzyme by NaSCN may not be evaluated by CD. 
 
The α-helix content of proteins is estimated according to the following equation 
(Greenfield and Fasman, 1969):  
 




−mrdθ                                       (5-1) 
 
Where, θmrd is the mean molar ellipticity per residue at 208 nm (deg cm2/dmol). 
Usually, the raw data from the experiment is expressed as θd in the unit of mdeg. To 










Where, θd is the ellipticity in the unit of mdge, M is the lysozyme molecular weight 
(Dalton), C is the lysozyme concentration (mg/ml), L is the sample cell path length 
(cm), and Nr is the number of amino residue. Lysozyme is an ellipsoidal protein with 
the dimensions of 4.5x3.0x3.0 nm. It consists of 129 amino acid residues and has a 
molecular weight of 14,600 Daltons. The estimated percentages of α-helix contents 
from circular dichroism spectrum are listed in Table 5-2. 
 
Table  5-2 Estimated percentage of α-helix of lysozyme from circular dichroism 
spectrum 
% α-Helix 
Native lysozyme,  Desorbed lysozyme by 
pH 4.0 pH 6.0 NaH2PO4, pH4.0 NaSCN, pH6.0 
25.6±0.1 26.5±0.2 23.3±0.2 - 
 
 
As shown in Table 5-2, the native lysozyme at pH 4.0 and pH 6.0 has 25.6% and 
26.5% α-helix respectively, which is close to the literature value 32% (Norde and 
Favier, 1992). For desorbed lysozyme by NaH2PO4 solution, the α-helix contents 
23.3% are very close to that of the native lysozyme.  
 
5.2.3.3 Fluorescence Measurements 
Intrinsic fluorescence was used to assess the structural change of lysozyme during 
adsorption and desorption process. The emission spectra of native lysozyme (pH 4.0 
and pH 6.0) and desorbed lysozyme from magnetic particles by NaSCN or NaH2PO4 
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are depicted in Figure 5-6. Results show that there is no difference between native 
lysozyme at pH 4.0 and pH 6.0, both showing a peak at 339 nm. Similar peak was 
reported at 339 nm for lysozyme in the literature (Clark et al., 1994). The lysozyme 
desorbed by NaH2PO4 also shows maximum intrinsic fluorescence intensity at 339 nm. 
Since the desorbed lysozyme kept about 75% intensity of native lysozyme, and since 
there is no apparent peak position shift in emission curve, it indicates that the desorbed 
lysozyme by NaH2PO4 recovered well its original structure. However, the desorbed 
lysozyme by NaSCN has + 9 nm band shift. This band shift may be attributed to the 
high ionic strength resulted by higher concentration of NaSCN (Buijs and Hlady, 
1997). Since the intrinsic tryptophan fluorescence suggests NaSCN may result large 
conformational change of lysozyme when used as desorption agent, it is suggested to 
use NaH2PO4 as desorption agent. 
























A  Native lysozyme (pH 4.0)
B  Native lysozyme (pH 6.0)
C  Desorbed by Na2HPO4
D  Desorbed by NaSCN
 
Figure  5-6 Fluorescence emission spectra of native lysozyme (pH 4.0 and pH 6.0) and 




5.2.3.4 DSC Measurements 
Dark brown color of the magnetic particles resulted in light scattering and thus circular 
dichroism and fluorescence were not suitable for measurement of conformational 
changes of lysozyme at the adsorbed state. Therefore DSC measurement was the only 
method to characterize the adsorbed protein on magnetic particles.  









A Natural lysozyme (pH 4.0)
B Desorbed by NaH2PO4
C Absorbed lysozyme
 
Figure  5-7 Differential scanning calorimetry (DSC) thermograms of native lysozyme 
(pH 4.0), adsorbed lysozyme and desorbed lysozyme by NaH2PO4 (pH 4.0) from nano-
sized magnetic particles 
 
Figure 5-7 shows the thermograms of native lysozyme (pH 4.0), adsorbed lysozyme 
and desorbed lysozyme by NaH2PO4. The native lysozyme has a denaturation 
temperature at 70.2 oC.  The desorbed lysozyme by NaH2PO4 also shows the same 
denaturation temperature, which is different from the reported 77.36 oC at pH 4.8 
(Kang et al., 2002). Perez and Griebenow (2000) pointed out that the thermal 
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denaturation of lysozyme occurs between at 65-80 oC (depending on the pH value) 
(Perez and Griebenow, 2000). The temperature of the thermal transition is related to 
the stability of protein and the enthalpy is related to the intramolecular interactions in 
protein. The calculated enthalpies of denaturation for native and desorbed lysozyme 
are 463.5 kJ/mol and 447.8 kJ/mol respectively. Since native and desorbed lysozyme 
show the same denaturation temperature and similar enthalpy of denaturation, it proves 
that the desorbed lysozyme by NaH2PO4 has the same stability as of the native one. 
However, no obvious thermal transition is observed for the adsorbed lysozyme. 
Previously, it used to be believed that this apparent loss of thermal transition indicates 
loss of native structure. However, recent work shows that in the adsorbed condition, 
proteins lose their thermal transition but retain to a large degree their structure 
(Vermonden et al., 2001). The structure of protein in the adsorbed state is different 
from the native form but it is not irreversibly denatured and referred to as in a so-called 
perturbed state. 
 
Table  5-3 Lysozyme activity measurements 
Native lysozyme  Desorbed lysozyme by  
pH 4.0 pH 6.0 NaH2PO4, pH4.0 NaSCN, pH6.0 
Activity ×10-4, min-1mg-1 2.89±0.06 2.97±0.09 2.55±0.08 2.43±0.05 




5.2.3.4 Enzymatic Activity Assay  
The results of activity assay of native lysozyme and desorbed lysozyme by NaH2PO4 
and NaSCN are listed in Table 5-3. The activities of native and desorbed lysozyme 





−= × ×                                                           (5-3) 
Where, E1 and E2 are the absorbance at time scale of 0 and 2 min, respectively. Ew is 
the weight of the added lysozyme, mg. 
 
 In comparison to the activity of native lysozyme at corresponding pH, 88% and 82% 
activity were preserved for the desorbed lysozyme by NaH2PO4 and by NaSCN 
respectively. It shows that NaH2PO4 could preserve most of lysozyme’s activiy. 
 
5.3 Conclusions 
Adsorption of lysozyme on nano-sized magnetic particles without the presence of any 
coated intermediates was carried out at various pH conditions. Higher adsorption 
amount occurs near to the isoelectric point of lysozyme (pI =11.1). Desorption of 
lysozyme by NaH2PO4 and NaSCN were carried out and compared for the 
conformational changes. The results shows that the lysozyme desorbed by NaH2PO4 
could preserve well both its structure and enzymatic activity compared to the native 
one. It suggests that the nano-sized magnetic particles are effective carriers for the 
extraction of lysozyme due to the high adsorption amount, almost complete desorption, 





Chapter 6 Magnetic Separation for Binary Mixture of 
BSA and LSZ 
6.1 Introduction 
In chapter 4 and chapter 5, the adsorption/desorption of BSA or LSZ on nano-sized 
magnetic particles were carried out individually. These preliminary results provide 
some useful information for the magnetic separation of BSA and LSZ from binary 
mixture solution.  
 
Downstream processes in biotechnology, especially the separation and purification of 
the specific biopharmaceutical from multi-component mixtures (such as fermentation 
and cell rupture supernatant), are costly and time-consuming task. Although there are 
numerous and diverse products with different properties and characteristics in the 
process of separation and purification, the strategies of bioseparation for these targets 
consist of four similar sequential steps, i.e. removal of insolubles (such as filtration and 
centrifugation); isolation of products (such as adsorption and solvent extraction); 
purification (such as chromatography and electrophoresis) and polishing (such as 
crystallization and freeze drying) (Belter et al., 1988).  
 
Design of the bioseparation routes is related to the diverse choice and combination of 
various separation methods (such as solid-liquid separation, liquid-liquid extraction, 
air-liquid extraction, and so on). The total number N of the theoretically possible 
recovery routes to separate one target from a mixture of C components by using S 











−⎡ ⎤−⎣ ⎦= −  (6-1) 
However, the overall purity for the final product after n-step separation processes are 
determined by xn, with x corresponds to the percentage of purity in each step. It is 
required that the desired high purity should be achieved within the fewest processing 
steps by taking the recovery ratio and economical potentials into consideration. 
Separation speed is another parameter in consideration designing a bioseparation 
flowchart.  
 
Batch adsorption, the simplest step in the separation and purification of protein, has 
been seriously considered because of its speed and potential large-scale use (Scopes, 
1987).  The adsorption of protein on particles could be attributed to electrostatic and 
hydrophobic interactions. Conformational changes of proteins also influence their 
adsorption on particles. Selective and sequential adsorptions of lysozyme, ribonuclease, 
myoglobin and α-lactalbumin on particles were studied by taking into account 
electrostatic interactions and hydrophobic effects (Arai and Norde, 1990). The kinetics 
of competitive adsorption of human serum albumin and gamma-globulin from a binary 
protein mixture onto hexadecyltrichlorisilane coated glass was studied (Tremsina et al., 
1998). It was reported that negatively-charged latex particles is more effective to 
adsorb lysozyme via electrostatic interaction than avidin (Chern et al., 1996). The 
adsorption kinetics of mixtures of lysozyme and cytochrome-C on rigid macroporous 
silica matrix was charactierzed (Lewus and Carta, 1999). The effects of hydrophobic 
interactions and electrostatic repulsion on the separation of bovine serum albumin from 





Unlike other particles such as silica, polystyrene particles, magnetic particles can 
response to magnetic field sensitively, which could be easily attracted by a magnet 
instead of using a centrifuge. Competitive and sequential adsorptions of lysozyme and 
ribonuclease on ferromagnetic nickel powder were studied at different conditions (Liu 
and Wang, 1995). Nano-sized colloidal magnetic particles coated with phospholipid 
were used to recover and separate cytochrome c from the protein mixture of 
cytochrome c and soybean trypsin inhibitor (Bucak et al., 2003). 
 
The objective of the present work was to investigate the role and effectiveness of nano-
sized magnetic particles for the adsorption of protein from mixture. Nano-sized 
magnetic particles without any coating materials were prepared by the chemical 
precipitation method for the selective and sequential adsorption of BSA and LSZ at 
different conditions, such as pH, and initial protein concentrations. Selective 
adsorption equilibrium of BSA and LSZ from the mixture was evaluated and compared. 
Desorption of BSA and LSZ from magnetic particles were carried out either in 
Na2HPO4 or NaH2PO4 solutions. 
 
6.2 Results and Discussion 
6.2.1 Selective Adsorption of BSA and LSZ 
The selective adsorptions of BSA and LSZ on nano-sized magnetic particles were 
carried out at different pH and initial concentrations. Figure 6-1 shows the HPLC 
chromatograph of protein mixture before adsorptions and the supernatants after 
adsorption at pH 4.64 and pH 11.0, respectively. Line A shows that peaks of BSA and 
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LSZ could be separated and distinguished in the current gradient elution condition, and 
the retention time for BSA and LSZ are 8.71 min and 8.12 min, respectively. Line B 
and line C show the HPLC results of supernatants after adsorption at pH 4.64 and pH 
11.1, respectively. It is shown that only a little amount of BSA, but a large amount of 
LSZ was remained at supernatant at pH 4.64. In reverse, only a little amount of LSZ 
but a large amount of BSA was remained at supernatant at pH 11.0. The preliminary 
results show that magnetic particles could selectively adsorb BSA or LSZ at suitable 
pH.   


























Figure  6-1 HPLC chromatograph (A) initial feed mixture of 0.75 mg/ml BSA and 0.75 
mg/ml LSZ, (B) adsorption supernatant at pH 4.64, (C) adsorption supernatant at pH 
11.0 
The standard calibration curve for BSA and LSZ are shown in Figure 6-2. The peak 
area vs protein concentration shows a linear relation with high R square values of 




Figure 6-3 shows the adsorption isotherm of BSA and LSZ mixture on magnetic 
particles at pH 4.64 and pH 11.0, respectively.  The adsorbed amounts of BSA and 
LSZ when reaching equilibrium are 358 mg/g solid for BSA, 34 mg/g for LSZ at pH 
4.64, and 92 mg/g solid for BSA, 444 mg/g solid for LSZ at pH 11.0. It is shown that 
magnetic particles adsorb more BSA than LSZ at pH 4.64, and in reverse, more LSZ 
than BSA at pH 11.0. This could be attributed to the electrostatic effects and protein 
conformational structure changes. It is known that the protein molecules undergo 
conformational changes at different pH and could preserve most of its original 
structure at its isoelectric point. As shown in Figure 6-4, the zeta potentials of BSA, 
LSZ and magnetic particles are plotted against different pH. The isoelectric point of 
nano-sized magnetic particles is about 6.8. The isoelectric points of BSA and LSZ are 
about 4.7 and 11.0 respectively, which are similar to the reported experimental results 
(Chun et al., 2002) (Haynes et al., 1994). For example, at pH 4.64 (close to BSA 
isoelectric point 4.7), both of LSZ and nano-sized magnetic particles show positive net 
charges. The positive surface charges of magnetic particles will repulse the further 
adsorption of LSZ molecules with positive net charges. 


















Figure  6-2 HPLC calibration curves of BSA and LSZ at pH 4.64 
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Selective adsorption of specific protein from mixtures is normally achieved by using 
corresponding ligands, such as using affinity foam to selectively isolate lactate 
dehydrogenase from porcine muscle extract (Fernandes et al., 2002), selective 
partitioning of protein A from crude extract of E. coli using IgG-bound magnetic 
particles (Suzuki et al., 1995a). However, for non-specific adsorption of proteins, 
electrostatic effect, hydrophobic interaction and protein structure could play important 
roles. Brown et al. (1999) found that more BSA (77.6%) than LSZ (18.9%) was 
recovered in foam phase near BSA isoelectric point (Brown et al., 1999). Yoon et al. 
(1998) promoted BSA adsorption and inhibited bovine hemoglobin adsorption on 
microsphere particles by adjusting the pH to a value slightly lower to BSA isoelectric 
point (Yoon et al., 1998b). These results suggest some useful information for the 
adsorption mechanisms of BSA and LSZ on nano-sized magnetic particles. At pH 4.64, 
BSA shows neutral charges. Therefore, a large amount of BSA adsorbed on magnetic 
particles could occur at its isoelectric point because of the lack of electrostatic 
repulsion. On the other hand, at pH 4.64, BSA molecules undergo the smallest 
conformational changes, and thereafter have smallest intermolecular repulsions 
resulted from the change of structure and shape. Therefore, the pre-adsorbed BSA 
molecules on magnetic particles will not prevent the further adsorption of free BSA 
molecules in solution to magnetic particle surface. In reverse, the similar mechanism 
could explain the adsorption behaviors of BSA and LSZ at pH 11.0.  
 
The mass balance of protein in the adsorption process can be expressed as: 
0 eC V C V SQ= +                                                          (6-2) 
Where, C0 (mg/ml) is the initial concentration of protein, Ce (mg/ml) is the equilibrium 
concentration of protein, V (ml) is the volume of the feed mixture, S (g) is the weight 
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of magnetic particles, and Q (mg/g) is the adsorption amount. Adsorption ratio and 
separation ratio were used to evaluate the effectiveness of magnetic separation of 




α = ×                                                         (6-3) 





S αα=                                                         (6-4) 
By the definition in equation (6-4), a large separation ratio will be obtained when the 
concentration of LSZ in the supernatant is large and the concentration of BSA in the 
supernatant is small. 
 





























Figure  6-3 Selective adsorption isotherms of BSA and LSZ mixture at pH 4.64 and pH 
11.0, respectively 
 
Table 6-1 shows the selective adsorption results of BSA and LSZ on nano-sized 
magnetic particles at various pH and initial concentrations. It is seen that at pH 4.64, 
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the separation ratios of BSA over LSZ changes a little at different initial concentration 
ratios. Similarly, at pH 11.0, the separation ratio of LSZ to BSA is also of small 
changes with respect to the initial concentration ratios.  However, the separation ratio 
at pH 4.64 is about 1.8 fold of the separation ratio at pH 11.0.  At pH 8.11, a little bit 
higher adsorption amounts of LSZ than BSA are observed at the same initial 
concentration. According to Figure 6-4, at pH 8.11, both magnetic particles and BSA 
molecules have net negative surface charge, while LSZ molecules show net positive 
surface charge. Therefore, more LSZ molecules with positive charges could adsorb on 
magnetic particles with negative surface charge. However at pH 8.11, the separation 
ratio of LSZ over BSA is very close to 1, which shows poor selectivity at this 
condition. 
 
Table  6-1 Adsorption ratio and separation ratio at various pH values 
pH 4.64 pH 8.11 pH 11.0 [LSZ]ini/[BSA]ini 
(mg/ml)/(mg/ml) αBSA αLSZ SBSA/LSZ αBSA αLSZ SLSZ/BSA αBSA αLSZ SLSZ/BSA 
0.50/0.50 96.4±0.1 18.9±0.1 5.1 85.1±0.1 94.2±0.1 1.1 40.1±0.1 98.6±0.1 2.5 
0.75/0.75 97.2±0.1 20.4±0.1 4.8 70.2±0.2 89.6±0.2 1.2 33.5±0.1 98.9±0.1 2.9 
1.00/1.00 97.1±0.2 17.1±0.1 5.7 59.4±0.2 83.6±0.1 1.4 25.2±0.2 97.1±0.2 3.8 
0.50/1.00 98.9±0.1 19.1±0.2 5.2 78.2±0.2 84.9±0.1 1.2 37.3±0.1 98.4±0.1 2.6 
1.00/0.50 99.1±0.1 20.3±0.2 4.9 56.7±0.1 89.1±0.1 1.6 33.8±0.2 99.1±0.1 2.9 
 
6.2.2 Sequential Adsorption of BSA and LSZ 
Sequential adsorptions of BSA and LSZ were carried out first at pH 4.64 and then at 
pH 11.0, or in reverse order. The pre-adsorbed protein 1 could be desorbed from 
magnetic particles when sequential adsorption of protein 2 occurs. Figure 6-5 shows 
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the time dependence of sequential adsorption of BSA and LSZ on magnetic particles. 
It is seen that in about 2 hour, sequential adsorption of either BSA or LSZ could reach 
equilibrium. The pre-adsorbed BSA is not easy to be displaced by the sequential 
adsorption of LSZ, while the pre-adsorbed LSZ could be desorbed due to the 
sequential adsorption of BSA. 






















Figure  6-4 Zeta potential of Fe3O4 (20mg/100ml), BSA (1% w/v) and LSZ (1% w/v) in 
10-3 M NaNO3 at different pH 
 


































































































Figure  6-5 Time dependence of sequential adsorption. (A) 0.75 mg/ml BSA pre-
adsorbed at pH 4.64, sequential adsorption of 0.75 mg/ml LSZ at pH 11.0; (B) 0.75 
mg/ml LSZ at pH 11.0, sequential adsorption of 0.75 mg/ml BSA at pH 4.64 
 
Sequential desorption ratio of protein 1 is defined as the ratio between the desorbed 
amount and the pre-adsorbed amount of protein 1. 
100%desC V
SQ
γ = ×                                                            (6-5) 
Table 6-2 lists the sequential adsorption results of BSA and LSZ on magnetic particles. 
The results show that only 10% of the pre-adsorbed BSA could be displaced by the 
sequential addition of LSZ. As known, BSA is a “soft” protein with low stability, 
while LSZ is a “hard” protein with high stability. Some researchers proposed that 
“soft” protein molecules could preferentially adsorb on particles than hard one (Arai 
and Norde, 1990). Therefore, the adsorbed BSA could extend its structure and occupy 
more than one adsorbing site when switching to sequential adsorption condition at pH 
11.0. Although the conformational changes of the adsorbed BSA molecules may cause 
the intermolecular repulsive interaction, and therefore result the desorption of some 
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adsorbed BSA molecules, it is believed that more adsorbing sites may cause stronger 
interaction between BSA and magnetic particles, and therefore, the addition of LSZ 
could not replace the pre-adsorbed BSA. When BSA is unfolded, the hydrophobic 
amino acids are exposed to the outside. Therefore, the sequential adsorption of LSZ on 
BSA-covered magnetic particles could be attributed to hydrophobic interactions 
between BSA and LSZ.  
 
Table  6-2 Sequential adsorption of BSA and LSZ 
Pre-adsorption  Sequential step  
Adsorption mode 
α of Protein 1 γ of Protein 1 α of Protein 2 
First 0.5 mg/ml BSA at pH 4.64 
then 0.5 mg/ml LSZ at pH 11.1 
 
99.5±0.1 4.67±0.06 99.4±0.1 
First 0.75 mg/ml BSA at pH 
4.64  
then 0.75 mg/ml LSZ at pH 11.1 
 
99.2±0.2 4.70±0.07 99.6±0.1 
First 1.0 mg/ml BSA at pH 4.64 
then 1.0 mg/ml LSZ at pH 11.1 
 
98.1±0.1 10.6±0.15 99.0±0.2 
First 0.5 mg/ml LSZ at pH 11.1 
then 0.5 mg/ml BSA at pH 4.64 
 
98.8±0.2 61.5±0.18 99.1±0.1 
First 0.75 mg/ml LSZ at pH 11.1 
then 0.75 mg/ml BSA at pH 4.64 
 
98.3±0.1 66.9±0.23 97.8±0.2 
First 1.0 mg/ml LSZ at pH 11.1 
then 1.0 mg/ml BSA at pH 4.64 
97.8±0.2 64.5±0.14 93.6±0.1 
 
 
However, when sequential adsorption was carried out in the reverse order, about 60% 
of LSZ could be displaced by the sequential addition of BSA at pH 4.64. Some 
researchers observed that during the sequential adsorption, ribonuclease covered nickel 
powder can further adsorb LSZ, but ribonuclease removed LSZ from LSZ-covered 
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nickel powder (Liu and Wang, 1995). The possible reason for the desorption of pre-
adsorbed LSZ could be electrostatic effect. At pH 4.64, both magnetic particles and 
LSZ molecules have positive surface charges. The repulsive force may make the 
interactions between magnetic particles and LSZ molecules weak. When BSA is 
sequentially added, it occupation on magnetic particles could further destroy the 
interactions between magnetic particles and LSZ, and finally induce the detachment of 
LSZ from magnetic particles surfaces. 
 
6.2.3 Desorption of BSA and LSZ 
Desorption of proteins from magnetic particles were carried out either by 0.5 M 
Na2HPO4 or 0.5 M NaH2PO4, which are effective desorbents for BSA or LSZ (Wassell 
and Embery, 1996). Table 6-3 lists the desorption results of BSA or LSZ from 
magnetic particles after 2 hours. It is noted that after 2 hours desorption, over 50% 
desorption of BSA could be achieved by Na2HPO4 for the initial adsorption at pH 4.64, 
while only a little amount of LSZ was desorbed. Similary, over 50% desorption of LSZ 
could be achieved by NaH2PO4 for the initial adsorption at pH 11.0, while only a little 
amount of BSA was desorbed. It shows the separation of BSA and LSZ by magnetic 









Table  6-3 Desorption results of BSA or LSZ either by Na2HPO4 or NaH2PO4 after 2 h 
Adsorption at pH 4.64, then 
desorbed by Na2HPO4 
Adsorption at pH 11.0, then 
desorbed by NaH2PO4 
[LSZ]ini/[BSA]ini 
(mg/ml)/(mg/ml) 
γ of BSA γ of LSZ γ of BSA γ of LSZ 
0.5/0.5 43.8±0.2 6.69±0.02 5.85±0.04 55.1±0.2 
0.75/0.75 52.1±0.3 6.04±0.05 0 58.8±0.1 
1.0/1.0 60.2±0.1 6.07±0.04 0 57.7±0.2 
 
6.2.4 Evaluation of Desorbed Protein 
The results of activity assay of native LSZ, desorbed LSZ by NaH2PO4 at pH 4.0 and 
desorbed LSZ after sequential adsorption of BSA at pH 4.64 are listed in Table 6-4. 






−= × ×                                                           (6-6) 
Where, E1 and E2 are the absorbance at time scale of 0 and 2 min, respectively. Ew (mg) 
is the weight of the added LSZ. 
Table  6-4 Enzymatic activity measurements of LSZ ([LSZ]ini/[BSA]ini=0.5/0.5) 
Native LSZ 
 
pH 4.0 pH 4.64 
Desorbed LSZ by 
NaH2PO4, 
pH4.0 
Desorbed LSZ after 
sequential adsorption 
of BSA, pH 4.64 
Activity ×10-4, min-1mg-1 2.84±0.04 2.90±0.02 2.43±0.04 2.41±0.03 




In comparison to the activity of native LSZ at corresponding pH, 85.6% and 83.1% 
activity were preserved for the desorbed LSZ by NaH2PO4 and by the sequential 
adsorption of BSA respectively. 
 
6.3 Conclusions 
The selective and sequential adsorptions of BSA and LSZ on nano-sized magnetic 
particles were carried out in different conditions such as pH and initial protein 
concentrations. Higher separation ratios were obtained at the isoelectric point of either 
BSA or LSZ, while at pH 8.11, the separation ratio was close to unity. The separation 
ratio of BSA over LSZ at pH 4.64 was 1.5 fold to that of LSZ over BSA at pH 11.0. 
Only 10% of the pre-adsorbed BSA could be desorbed by the sequential adsorption of 
LSZ at pH 11.0, while 60% of the pre-adsorbed LSZ was detached from magnetic 
particles due to the sequential adsorption of BSA at pH 4.64. Over 50% desorptions of 
BSA and LSZ by 0.5 M Na2HPO4 or 0.5 M NaH2PO4 were achieved in 2 hours. 
Enzymatic activity could be preserved well after the desorption process. Comparative 
study on selective and sequential adsorptions of BSA and LSZ on nano-sized magnetic 
particles may be useful in the further understanding of electrostatic effect, hydrophilic 







Chapter 7 Magnetic Separation for Binary Mixture of 
2-Hydroxyphenol and 2-Nitrophenol 
7.1 Introduction 
In chapter 4, 5 and 6, nano-sized magnetic particles were used for the 
adsorption/desorption of biomolecules - BSA and LSZ. In this chapter, broader 
application of magnetic particles in the separation of organics will be discussed. 
 
As known, magnetic particles in suspensions can be divided into three groups 
according to their sizes: magnetic fluids (0.01-0.1 µm), unstable suspensions of larger 
ferroparticles (1-10 µm), and magnetic microspheres (complex construction of 0.1-10 
µm particles) (Ruuge and Rusetski, 1993). Large size magnetic particles are usually 
used as solid matrix for the batch process of adsorption or immobilization of targets. 
The disadvantage of the separation using large size magnetic particles is that the 
permanent magnetization of large size magnetic particles can cause the agglomeration 
even after the remove of external magnetic field.  
 
To achieve the separation of organics, nano-sized magnetic particles coated with some 
intermediates, such as surfactants, are used. The organic molecules are bonded to the 
magnetic particles through the intermediates. External magnetic field is used to 
maneuver the separation process. Magnetic fluids, which are also named ferrofluids, 
are stable colloidal suspensions of nanometer sized magnetic single-domain particles 
that are coated with one or two layers of surfactants and dispersed in a liquid medium 
(Rosensweig, 1985). Applications of various types of surfactant-coated particles 
including magnetic particles has been reviewed in a recently published paper (Fendler, 
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2001). Several work have been published on the preparation of double layer coated 
magnetic fluids. Preparation of magnetic fluid with double layer surfactant coating by 
chemical precipitation method was first published in 1978 (Shimoiizaka, 1978). Since 
then, few more work have been published on preparation of double layer coated 
aqueous magnetic fluids (Wooding et al., 1991; Akhavan and Ghominezhad, 1998). A 
thorough study on synthesis and characterization of double layer coated magnetic fluid 
was reported (Shen et al., 1999).  
 
The potential use of magnetic fluid as a separation method mainly depends on its 
structure, unique characteristics, fluid-like behavior, intermediate’s properties and 
magnetic properties. Superparamagnetic properties make magnetic fluid sensitive to 
respond to the external magnetic field.  
 
Most of the published work on magnetic fluid deals with the preparation and 
characterization of surfactant coated colloidal suspension of magnetic particles. Only a 
limited number of studies have been published on adsorption of biomolecules on 
surfactant coated magnetic particles. One previous work studied the adsorption 
equilibrium and kinetics of bilayer phospholipids (unilamellar vesicles) onto Fe3O4 
nanocolloids coated with single layer lauric acid (De Cuyper and Joniau, 1991). 
However, the role of lauric acid on the adsorption mechanism of the phospholipids was 
not established from the study.  
 
The main objective of the present work is to use bilayer surfactant coated magnetic 
particles for the separation of chemicals. The prepared magnetic particles have a 
bilayer surfactant coated structure as shown in Figure 7-1, which has free polar heads 
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at the out layer. A system of 2-hydroxyphenol and 2-nitrophenol is chosen for the 
adsorption study based on their polarity. The study includes the equilibrium and the 






Figure  7-1 Core-shell structure of bilayer coated magnetic particle 
7.2 Results and Discussion 
7.2.1 Characterization of Magnetic Fluids 
The characterizations of magnetic fluids coated with double layer surfactants –
undecanoic acid are studied by TEM, TOC, TGA, VSM and XRD. 
 
Magnetic particles’ size and the distributions are determined from TEM micrographs. 






Figure  7-2 TEM micrograph of bilayer coated magnetic particles 
 
The sizes of 500 particles from the TEM results are measured and the size distribution 
is found to be log-normal as shown in Figure 7-3. The mean diameter of the particles is 



















Dp σπσ                                     (7-1) 
Where, p(D) is the probability frequency, D is the diameter, D0 is the mean diameter 
and σ is the standard deviation. 
 
The mean particle diameter as calculated from the distribution is 8.36nm (σ =1.31). 
This shows that the prepared magnetic particles have superparamagnetic properties 
(particle size less than 30 nm) (Berkovsky et al., 1993) and it can form stable 























Figure  7-3 Size distribution of magnetic particles 
 
The TOC results of single and double coated magnetic particles are shown in Figure 7-
4. The TOC curve of monolayer magnetic particles has shown one peak compared to 
two peaks for the bilayer magnetic particles. From the TOC results, the amount of 
surfactant on monolayer coated and bilayer coated particles are calculated as 0.0763 g 
and 0.1457 g per gram of particles respectively.  The TGA measurement results are 
given in Figure 7-5. It shows that about 16% mass loss is found for single coated 
particles whereas for bilayer coated particles the mass loss is about 37%. Both TOC 
and TGA results are consistent and indicate core-shell type bilayer surfactant coating 
structure of the magnetic particles. Similar results were obtained in previous work 


















Figure  7-4 TOC curve for monolayer and bilayer surfactant coated magnetic particles 
 





















Figure  7-5 TGA curve for monolayer and bilayer surfactant coated magnetic particles 
 
7.2.2 Adsorption of 2-Hydroxyphenol and 2-Nitrophenol 
Typical HPLC chromatogram for 25 ppm mixture of 2-hydroxyphenol and 2-
nitrophenol is shown in Figure 7-6. This shows that 2-hydroxyphenol is more polar 
than 2-nitrophenol. It is commonly known that in an HPLC system where a stationary 
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phase is less polar than the mobile phase, it is expected that the more polar compound 
in the mobile phase will be eluted first (Knox, 1982). 
 
 
Figure  7-6 Typical HPLC diagram for 25 ppm 2-hydroxyphenol and 2-nitrophenol 
(column temperature 35 ºC, UV wavelength 275 nm, mobile phase: acetonitrile (45%) 
and phosphoric acid (0.01M) (55%), flow rate 1.0ml/min) 
 
7.2.2.1 Effect of pH 
Effects of pH on the adsorption of 2-hydroxyphenol by magnetic fluids are shown in 
Figure 7-7. Results show that the adsorption is strongly influenced by the solution pH. 
Highest adsorption has occurred at pH between 6 and 7. This may be explained in 
terms of the isoelectric point of the particles. Isoelectric point of magnetic particles is 
6.5 (Iwasaki et al., 1962), which falls in the pH range for maximum adsorption. All the 
subsequent adsorption equilibrium and kinetic studies are conducted at a pH of about 
6.6, which is the unadjusted pH of the mixture of magnetic fluid and feed solution. 
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Figure  7-7 Effect of pH on equilibrium adsorption of 2-hydroxyphenol on magnetic 
particles (initial concentration of 2-hydroxyphenol in the mixture of feed and magnetic 
fluid: 0.0826mM and 0. 1719mM) 






















          Langmuir model
 
 
Figure  7-8 Equilibrium isotherm of 2-hydroxyphenol and 2-nitrophenol (blank label is 




7.2.2.2 Adsorption Equilibrium 
Figure 7-8 shows the adsorption equilibrium for 2-hydroxyphenol and 2-nitrophenol, 
which are obtained either from a single component or binary mixture feeds 
experiments. 
 
Results show that the prepared magnetic particles can selectively adsorb 2-
hydroxyphenol in a much higher amount than 2-nitrophenol. This confirms that the 
prepared magnetic particles have a free polar head outer layer, which can selectively 
adsorb the polar compounds. Results also show that the presence of 2-nitrophenol in 
the feed does not have any significant influence on the selectivity of adsorption 
between the two compounds. 
 
The experimental equilibrium adsorption data for 2-hydroxyphenol are fitted to the 








+=                                                                   (7-2) 
Where, Q is adsorbed quantity (mmol/g solid), Qm is maximum adsorbed quantity 
(mmol/g solid), Ka is equilibrium coefficient (mM-1), C* is equilibrium solution 
concentration (mM). 
 
Figure 7-8 shows that the Langmuir isotherm can describe well the adsorption 
experimental data with a correlation coefficient of R2=0.986. Qm =0.551 mmol/g solid 





7.2.2.3 Adsorption Kinetics 
Adsorption kinetics of 2-hydroxyphenol on magnetic particles are studied at two 
different feed concentrations and the results are shown in Figure 7-9. The two different 
feed concentrations studied do not have significant effect on the kinetics of the 
process.  
 
















Figure  7-9 Adsorption kinetics of 2-hydroxyphenol on magnetic particles (initial 
concentration of 2-hydroxyphenol in the mixture of feed and magnetic fluid: 
0.0826mM and 0. 1719mM) 
A linear driving force mass transfer model is used to describe the adsorption kinetics. 





L −=−                                                              (7-3) 
Where, KLa is the overall mass transfer coefficient, C is the concentration of 2-














dC                                                      (7-4) 
 
The mass balance of 2-hydroxyphenol can be expressed as: 
 
SQCVVC +=0                                                                 (7-5) 
Where, C0 is the initial concentration of 2-hydroxyphenol, V is the volume of the feed 
mixture and  S is the solid content of magnetic fluid. 
 

























                                          (7-6) 
 
Eq. (6) is integrated numerically using a standard routine for solving non-linear 
ordinary differential equation such as Polymath 4. The fitted curve and the 
experimental data are compared in Figure 7-9. It is found that the experimental results 
are fitted well with KLa = 0.005 (min-1) 
 
7.3 Conclusions 
The magnetic fluids prepared by chemical precipitation method contain nano-sized 
magnetic particles with double layer surfactant coating and can form a stable 
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dispersion. The bilayer surfactant coated magnetic fluids show core-shell structure 
with polar head outward in the outer layer. It makes the magnetic particles can 
selectively adsorb 2-hydroxyphenol from mixture of 2-hydroxyphenol and 2-
nitrophenol on the basis of polarity. Adsorption equilibrium of 2-hydroxyphenol 
follows Langmuir isotherm. Adsorption kinetics of 2-hydroxyphenol fits well in a 




Chapter 8 Conclusions and Recommendations 
8.1 Conclusions 
This thesis presents a systematic and comprehensive study on the application of nano-
sized magnetic particles, either with coating or without coating, for the separation of 
organic and biomolecules. This work include the synthesis of nano-sized magnetic 
particles, surface modification of magnetic particles, characterization of the chemical, 
physical and magnetic properties of magnetic particles, adsorption/desorption of 
organic/protein molecules either in single or in binary mixture solutions, and 
evaluation of the obtained products. Based on these work, the following conclusions 
can be drawn: 
 
1) Under a nitrogen atmosphere and alkaline condition, nano-sized magnetic particles 
can be successfully prepared using Fe3+ and Fe2+ salt by chemical precipitation method. 
With suitable steps, bilayer surfactants -undecanoic acid can be successfully coated at 
the surface of magnetic particles. XRD patterns indicate that composition of the 
magnetic particles is Fe3O4, which shows the characteristic peaks at 2θ of 30.1, 35.5, 
43.1, 53.4, 57.0 and 62.6. VSM results show that the obtained magnetic particles are 
superparamagnetic, with saturation magnetization of 76 emu/g, which makes magnetic 
particles very susceptible to magnetic field. TEM results show that the magnetic 
particles are about nano-scale, with an average diameter of about 10 nm. BET 
experimental results show the specific surface area of about 108 m2/g. TGA and TOC 
results show that the magnetic particles coated with bilayer surfaces have core-shell 




2) In chapter 4, the application of nano-sized magnetic particles for the 
adsorption/desorption of a large size, ‘soft’ protein –BSA (isoelectric point 4.7) was 
studied, either with or without the presence of carbodiimide. Experimental results 
show that the presence of carbodiimide could increase only a limited adsorption 
amount of BSA on nano-sized magnetic particles compared to the case without 
carbodiimide. The main factor affecting the adsorption amount of BSA is pH, with 
maximum adsorption amount occurring at the isoelectric point of BSA. Salt 
concentration, in particularly, [NaCl] at lower concentration range from 0-0.5 M, has 
insignificant effect on BSA adsorption amount. Electrostatic interaction and 
conformational change of BSA attributed to the adsorption of BSA. Adsorption 
equilibrium of BSA on magnetic particles can be fitted into Langmuir model. A linear 
driving force mass transfer model was used to fit the kinetic data. Desorption agents- 
NaOH and Na2HPO4 were used for the desorption of BSA. Conformational changes of 
BSA during adsorption/desorption were studied. Experimental results show that 
Na2HPO4 could preserve most of the protein’s original structure compared to the 
native BSA.  
 
3) In chapter 5, the application of nano-sized magnetic particles for the 
adsorption/desorption of protein molecules was extended for another protein-LSZ, a 
small size and ‘hard’ protein, with an isoelectric point at pH 11.1. Experimental results 
show that pH also plays an important role in the adsorption of LSZ on magnetic 
particles. As the adsorption of BSA, maximum adsorption amount of LSZ also 
occurred at its isoelectic point (pI=11.1). Desorption of LSZ by NaH2PO4 and NaSCN 
were carried out and compared for the conformational changes. Experimental results 
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show that NaH2PO4 is a good desorption agent, which can preserve both its structure 
and enzymatic activity compared to the native LSZ. 
 
3) In charpter 6, based on the preliminary results from charpter 4 and charpter 5, the 
nano-sized magnetic particles were furtherly used for the selective and sequential 
adsorption of BSA and LSZ from binary protein mixtures. Experimental results show 
that higher separation ratios were obtained at the isoelectric point of either BSA or 
LSZ, while at the pH between the two isoelectric points, the separation ratio was close 
to unity. The separation ratio of BSA over LSZ at pH 4.64 was 1.5 times to that of 
LSZ over BSA at pH 11.0. It suggested that pH 4.64 was more suitable than pH 11.0 
for the non-specific slective separation of BSA and LSZ. The sequential adsorption 
results show that the pre-adsorbed LSZ was easier to depart from the magnetic 
particles due to sequential adsorption of BSA. Desorptions of BSA and LSZ were 
achieved by Na2HPO4 and NaH2PO4. Enzymatic activity could be preserved well after 
the desorption process.  
 
4) In chapter 7, nano-sized magnetic particles after surface modification, i.e. coating 
with double layer surfactant – undecanoic acid, were used for the separation of organic 
from the mixture of 2-hydroxyphenol (2-HP) and 2-nitrophenol (2-NP). Experimental 
results show that the magnetic particles coated with bilayer surfactants can selectively 
adsorb 2-HP over 2-NP on the basis of polarity. Adsorption equilibrium of 2-HP 
follows Langmuir model. Adsorption kinetics of 2-HP can be fitted well in a linear 




In summary, nano-sized magnetic particles prepared by chemical precipitation method 
can be successfully used for the separation of organic and biomolecules. The unique 
chemical, physical and magnetic properties of magnetic particles, such as nano-size, 
superparamagnetic, large specific surface area, and easy manipulation of surface 
modification, make them suitable tools for the separation of organic and biomolecues.  
 
8.2 Recommendations for Further Work 
Magnetic particles show promising applications in the separation of organic and 
biomolecules due to its unique properties. In this thesis, the results of magnetic 
separation are very encouraging. However, this project is only a priliminary study. 
Further research is recommended to carry out in the following aspects: 
 
1) Since the experimental results show batch adsorption of organic and biomolecules 
on magnetic particles are encouraging, it is suggested to extend the application of 
magnetic particles for the continuous separation process. It is required to design 
suitable magnetic separator and figure out the relation between magnetic particles and 
magnetic field. One recent development in this area was the continuous magnetic 
separation of blood components from whole blood (Takayasu et al., 2000). 
 
2) Non-specific selective adsorption of organic and biomolecules on magnetic particles 
either with or without coating were studied in this thesis. It is suggested to extend the 
application of magnetic particles for the specific selective adsorption of target. 
Recently, magnetic particles were used more and more widely in immunoassay due to 
the immobilization of various antibodies for specific target. One example is the use of 
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magnetic particles coated with specific affinity ligand magnetoliposomes for the 
dection of antiphospholipid antibodies (Rocha et al., 2001). 
 
3) The present study is focused on single and binary protein system. It is necessary to 
understand the fundamentals of protein adsorption on magnetic particles. Any future 
work on this topic may look into protein purification for a simulated solution which is 
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